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PREFACE 


The  High-Speed  Research  Program  sponsored  the  NASA  High-Speed  Research  Program 
Aerodynamic  Performance  Review  on  February  9-13,  1998  in  Los  Angeles,  California. 
The  review  was  designed  to  bring  together  NASA  and  industry  High-Speed  Civil 
Transport  (HSCT)  Aerodynamic  Performance  technology  development  participants  in  areas 
of:  Configuration  Aerodynamics  (transonic  and  supersonic  cruise  drag  prediction  and 
minimization),  High-Lift,  and  Flight  Controls.  The  review  objectives  were  to:  (1)  report 
the  progress  and  status  of  HSCT  aerodynamic  performance  technology  development;  (2) 
disseminate  this  technology  within  the  appropriate  technical  communities;  and  (3)  promote 
synergy  among  the  scientist  and  engineers  working  HSCT  aerodynamics.  In  particular, 
single-  and  multi-point  optimized  HSCT  configurations,  HSCT  high-lift  system 
performance  predictions,  and  HSCT  Motion  Simulator  results  were  presented  along  with 
executive  summaries  for  all  the  Aerodynamic  Performance  technology  areas.  The  HSR  AP 
Technical  Review  was  held  simultaneously  with  the  annual  review  of  the  following 
airframe  technology  areas:  Materials  and  Structures,  Environmental  Impact,  Flight  Deck, 
and  Technology  Integration.  Thus,  a fourth  objective  of  the  Review  was  to  promote 
synergy  between  the  Aerodynamic  Performance  technology  area  and  the  other  technology 
areas  within  the  airframe  element  of  the  HSR  Program. 

The  workshop  was  organized  in  three  sections  as  follows: 

Section  I Independent  Sessions 

Section  II  Plenary  Session 

Section  IH  Executive  Summaries 

The  work  performed  in  the  Configuration  Aerodynamics  element  of  the  High-Speed 
Research  Program  during  1997  was  presented  in  the  following  sessions: 

Analysis  Methods  and  CFD  Validation 
Viscous  Drag  Predictions  and  Testing  Methods 
Aerodynamic  Design  Optimization  Capability 
Nacelle/Diverter  Design  and  Aiiplane  Integration 
Configuration  Assessments  and  Fundamental  Studies 
Technology  Integration  (TI)  Studies  related  to  Configuration  Aerodynamics 
(CA  / TI  Joint  Session) 

The  work  performed  in  the  High  Lift  (HL)  element  of  the  High-Speed  Research  Program 
during  1997  was  presented  in  the  following  sessions: 

Concept  Development 
Test  Programs  and  Techniques 
Analytical  Methods 
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The  proceedings  for  the  Aerodynamic  Performance  Annual  Review  are  published  in  two 
volumes: 

Volume  I,  Parts  1 and  2 Configuration  Aerodynamics 

Volume  II  High  Lift 

AP  Review  Chairperson:  Naomi  McMillin 

NASA  Langley  Research  Center 
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• Test  conducted  in  LaRC  UPWT  (low  Reynolds  Number) 

• Follow-on  test  at  higher  Re  scheduled  in  BSWT  2/98 


Non-Linear  Cruise  Point  Design  Optimization 


14 


15 


Aeroelastics 
Trim,  thrust 

3-Surface  configurations 
i Viscous  flow 


o 

o3 

(/) 

0 

o 

c 

(0 

E 


0 

0. 

0 

c 

© 

<0 

(0 

ffl 

< 

O 


jo 

o 

,J1 

a> 

^oi 

^ci 

CO 

El 


a) 

CL 

<0 

131 

CO 


15 

a> 

E 


o 

a 

0) 

CO 

0) 

a> 

c 

£ 

H 

r:  : :iv 

15 


CO 


■D 

aj 

to 

a> 

_co 

a> 

"O 

o 


U) 

£ 

5 

2 

o 

CO 

in 

h- 

co 


u>  a> 

£ 15 

i ^ 

a>  co 

£2 

■E  £ 

^ o 

^ <■> 

£ vo 
Is- 

co  in 


< 

o 


CO 


(0 

£ 

0) 

E 

CO 

CO 

CD 

CO 

CO 

CO 

o 

<* 

(/) 

u 

£ 

CO 

o 

o 

£ 

CO 

E 


Q 


O 

0) 
£ 


CO 

15 

£ 

3 

O 

LL 


15 

a> 

£ 

0 c 

1 8 

c <5 

5 t 

2 
3 

n 

F 

£ 

■ H 

15 
a> 
co 

3 

jO 

<D 
> 
a> 

co 

3 

s 

CO 


CO 

N 


a 

o 

£ 

U) 

'co 

a> 

15 


a> 

co 

co 

ffl 


16 


Longitudinal  stability  a concern 


(dn  sde|j  o\  aAjieiej) 
( s\o)  uojpnpea  6bjq 


17 


Mach  Number 


High  Reynolds  Number  Supersonic  Testing 

High-Re  Industry  Blowdown  Facilities  Promising,  but  Enough  Re? 


| hh 

(tJ  ^ ^ 

c/>  CO  CO 


< <5 


18 
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Sub/Transonic  L/D  Metric 
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CY98  Technical  Approach 

Strong  Focus  on  Viscous  Drag,  3-Surface,  Aftbody,  PIE  Configurations 
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Nacelle/Diverter  Design  & Integration  Activities: 
Nacelle  inlet  flow  field  measurements 
2-D  Inlet  and  optimized  nacelle  design  and  test 
PIE  test  analysis  and  hardware  fabrication 
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Propulsion  Airframe  Integration 
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10:45  - 11:05  Unstructured  Grid  Navier  Stokes  Analysis  of  Neal  Frink,  LaRC 
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11:05-12:00  Panel  Discussion  Presenters 
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S&C  CFD  Predictions 


Chart  2 - Objectives 

Throughout  the  Cycle  2 design  activity,  each  participating  organization  used  their 
preferred  analysis  tools  to  evaluate  their  respective  configurations.  To  better 
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W/B  only 


Chart  4 - Code  Descriptions 

The  pertinent  characteristics  of  each  code  is  given  in  the  table  shown  in  Chart  4. 
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O - Mesh 

UPS/NS  Parabolized  Structured  Baldwin-Lomax 

Navier-Stokes  O - Mesh 


Chart  5 - Summary  of  Drag  Improvements  at  the  end  of  Cycle  2 Design  Effort 

Chart  5 illustrates  the  predicted  results  for  each  of  the  configurations  as  generated  by 
the  organization  doing  the  design  at  the  end  of  the  Cycle  2 Design  Effort  in  January 
1997.  The  BCAG  results  are  based  on  TRANAIR  and  OVERFLOW/  Spalart-Allmaras 
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Summary  of  Drag  Improvements 
TCA  Cycle  2 W/B/N/D  Solutions  at  M=2.4,  CL=0.1, 

Rn=6.3M  (NS) 
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AMES  BCAG  MDC 


Chart  6 - Wing/Body  Pressure  Drag  Increments 

The  wing/body  (W/B)  pressure  increments  for  each  of  the  nonlinear  designs  relative 
the  TCA  baseline  configuration  are  shown  in  Chart  6.  The  results  are  presented  in  terms 

r*  ~i  , , ^ ^ ^ ± 
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W/B  Pressure  Drag  Increments 
Relative  to  the  TCA  Baseline 
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ARC  BCAG  BLB 

Vehicle 


Chart  7 - Wing/Body  Total  Drag  Increments 
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W/B  Total  Drag  Increments 
Relative  to  the  TCA  Baseline 
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Chart  9 - Wing/Body/Nacelle  Total  Drag  Increments: 

The  total  drag  increments  are  very  similar  to  the  pressure  drag  increments  and  show 
the  same  inconsistencies  as  the  wing/body  results. 
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W/B/N/D  Total  Drag  Increments 
Relative  to  the  TCA  Baseline 
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Vehicle 


Chart  10  - Nacelle  Pressure  Drag  Increments 

The  predicted  nacelle  pressure  drag  increments  (W/B/N/D-W/B)  for  the  various 
designs  are  presented  in  Chart  10.  In  general,  the  inviscid  methods  consistently  predict 
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Nacelle  Pressure  Drag  Increment 

W/B/N/D-W/B 
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Chart  11  - Nacelle  Total  Drag  Increments 
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Nacelle  Total  Drag  Increment 
W/B/N/D-W/B 
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Nacelle  Total  Drag  Increment 
Relative  to  the  TCA 

W/B/N/D-W/BIConfig  - W/B/N/D-W/BITCA 
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Chart  13  - CL  vs.  Alpha  Comparisons 
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Cycle  2 Analytical  Cross  Checks 
CLvs  Alpha,  M=2.4 
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Chart  14-  Drag  Characteristics  at  CL  =0.1 

Since  a comprehensive  set  wind  tunnel  data  is  not  available,  the  predicted  performance  levels  can  only  be 
compared  to  each  other  in  terms  of  the  scatter  among  the  various  predictions.  Using  the  individual  mean  value 
of  the  computations  for  each  combination  of  design  (TCA,  ARC,  BCAG,  BLB)  and  configuration  (WB  & WBND)  a 
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±0.5  cts.,  among  the  viscous  codes.  The  variation  in  the  total  drag  prediction  for  the  WBND  configuration,  grows 
to  ±3.0  cts.,  with  a similar  dispersion  of  the  viscous  results. 
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Modular  Approach  to  Geometry  Manipulation 
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Modular  Approach  to  Geometry 
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Technology  for  Tetrahedral  Mesh  Generation 
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Technology  for  Tetrahedral 
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Triangulation  Methods  for  Mesh  Generation 
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Triangulation  Methods  for  Mesh  Generation 

Method  Advantage  Disadvantage 
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made  into  an  automated  method. 
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of  the  boundary  surface  has  an  acceptable  quality. 


Re-establishing  Prescribed  Boundary  Surface 
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Re-establishing  Prescribed  Boundary  Surface 
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Edge/Face  Swapping 
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Edge  / Face  Swapping 
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Unstructured  Mesh  Generation  - Present  Status 
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Unstructured  Mesh  Generator 
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Unstructured  Mesh  Generation  - Current  Research 
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Unstructured  Mesh  Generation 
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meshes  for  both  laminar  and  turbulent  flows 


Unstructured  Mesh  Generation  - Future  Work 
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Unstructured  Mesh  Generation 
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Euler  Computations,  Ames  01-03  vs.  TCA,  Wing/Body 
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Euler  Computations,  Ames  01-03  vs.  TCA,  Wing/Body 

M=2.4,  entire  fuselage 


Ames  1-03  W/B  Drag  Increments  Relative  to  the  TCA  Baseline,  M=2.4,  CL=0.1 
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Ames  1-03  W/B  Drag  Increments  Relative  to  the  TCA 
Baseline,  M=2.4,  CL=0.1 
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AIRPLANE  CFL3D/E  FL087-MB  UPS/E  TRANAIR 


Ames  1-03  W/B/N/D  Drag  Increments  Relative  to  the  TCA  Baseline,  M=2.4,  CL=0.1 
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AIRPLANE  CFL3D/E  FL087-MB  TRANAIR 


LEADING  EDGE  GRID  COMPARISON  OF  AIRPLANE/MESHPLANE  AND  FL087-MB 
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LEADING  EDGE  GRID  COMPARISON 
M = 2.4,  a = 3.756,  Z-300 


AIRPLANE:  MESHPLANE  FL087-MB  (triangulated) 

GRIDO:  39,189  surface  points  GRIDO:  17,221  surface  points 
578,678  total  points  936,740  total  points 


FOREBODY  GRID  COMPARISON  OF  AIRPLANE  AND  FL087-MB 
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FOREBODY  GRID  COMPARISON 
M = 2.4,  a = 3.756,  X-500 
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AIRPLANE:  MESHPLANE  FL087-MB  (triangulated) 

GRID  0:  39,1 89  surface  points  GRID  0:  1 7,221  surface  points 
578,678  total  points  936,740  total  points 


AIRPLANE  GRID/SOLUTION:  GRID  0 - Cutting  Plane  Normal  to  Leading  Edge  at  Z=300 
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AIRPLANE  GRID/SOLUTION:  GRID  0 
Cutting  Plane  Normal  to  Leading  Edge  at  Z = 300 
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FL087-MB  GRID/SOLUTION:  GRID  0 - Cutting  Plane  Normal  to  Leading  Edge  at  Z=300 
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FL087-MB  GRID/SOLUTION:  GRID  0 
Cutting  Plane  Normal  to  Leading  Edge  at  Z = 300 
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Ruler  shows  ten-inch  increments 


ACCUMULATED  DRAG  SAMPLING  PLANES  - Parallel  to  Inboard  Wing  Leading  Edge 
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ACCUMULATED  DRAG  SAMPLING  PLANES 
PARALLEL  TO  INBOARD  WING  LEADING  EDGE 
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= 344.6  at  inboard  leading  edge 


ACCUMULATED  DRAG  COEFFICIENT  - AIRPLANE  Grid  0 vs.  FL087-MB  Grid  0 
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ACCUMULATED  DRAG  COEFFICIENT  WITH  SAMPLING 
PLANES  PARALLEL  TO  INBOARD  WING  LEADING  EDGE 
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ACCUMULATED  DRAG  COEFFICIENT  WITH  SAMPLING 
PLANES  PARALLEL  TO  INBOARD  WING  LEADING  EDGE 
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LEADING  EDGE  GRID  COMPARISON  - AIRPLANE/VGRID/GridTool  Grid  1 and  Grid  8 
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LEADING  EDGE  GRID  COMPARISON 
M = 2.4,  a = 3.756,  Z-300 
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FOREBODY  GRID  COMPARISON  - AIRPLANE/VGRID/GridTool  Grid  1 and  Grid  8 
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FOREBODY  GRID  COMPARISON 
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AIRPLANE:  VGRID/GridTool  AIRPLANE:  VGRID/GridTool 
GRID  1 : 29,077  surface  points  GRID  8:  124,560  surface  points 
362,664  total  points  1,075,477  total  points 


AIRPLANE  GRID/SOLUTION:  GRID  8 - Cutting  Plane  Normal  to  Leading  Edge  at  Z=300 
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AIRPLANE  GRID/SOLUTION:  GRID  8 
Cutting  Plane  Normal  to  Leading  Edge  at  Z = 300 

Cp  Norm  Stag  Pressure 
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AIRPLANE:  VGRID/GridTool  with  Scalar  Dissipation  Model 

M = 2.4,  a = 3.756 
Ruler  shows  ten-inch  increments 
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ACCUMULATED  DRAG  COEFFICIENT  WITH  SAMPLING 
PLANES  PARALLEL  TO  INBOARD  WING  LEADING  EDGE 
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SDT/AAH 


FOREBODY  GRID  COMPARISON  - FL087-MB  and  UPS  with  Refined  Meshes 
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FOREBODY  GRID  COMPARISON 
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FL087-MB  (triangulated)  UPS  (triangulated) 

GRID1:  47,745  surface  points  GRID  1:  225,808  surface  points 
3,546,452  total  points  27,096,960  total  points 


LEADING  EDGE  GRID  COMPARISON  - FL087-MB  and  UPS  with  Refined  Meshes 

The  leading  edge  regions  for  the  refined  FL087-MB  and  UPS  grids  are  shown  in  the  figure.  The  FL087-MB  grid  is  refined  in  the  C 
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LEADING  EDGE  GRID  COMPARISON 


FL087-MB  (triangulated)  UPS  (triangulated) 

GRID1:  47,745  surface  points  GRID1:  225,808  surface  points 
3,546,452  total  points  27,096,960  total  points 


FL087-MB  GRID/SOLUTION:  GRID  1 - Cutting  Plane  Normal  to  Leading  Edge  at  Z=300 
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FL087-MB  GRID/SOLUTION:  GRID  1 
Cutting  Plane  Normal  to  Leading  Edge  at  Z = 300 
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FL087-MB:  Wing/Body  Grid  with  Scalar  Dissipation  Model 

M = 2.4,  ex  = 3.756 
Ruler  shows  ten-inch  increments 


UPS  GRID/SOLUTION:  GRID  1 - Cutting  Plane  Normal  to  Leading  Edge  at  Z=300 
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UPS  GRID/SOLUTION:  GRID  1 
Cutting  Plane  Normal  to  Leading  Edge  at  Z = 300 
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M = 2.4,  a = 3.756 
Ruler  shows  ten-inch  Increments 


ACCUMULATED  DRAG  COEFFICIENT  - Effect  of  CUSP  Dissipation  Scheme 
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ACCUMULATED  DRAG  COEFFICIENT  WITH  SAMPLING 
PLANES  PARALLEL  TO  INBOARD  WING  LEADING  EDGE 
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AIRPLANE  GRID/SOLUTION:  GRID  8 - CUSP  Dissipation  Scheme 
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AIRPLANE  GRID/SOLUTION:  GRID  8 
Cutting  Plane  Normal  to  Leading  Edge  at  Z = 300 
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AIRPLANE:  VGRID/GridTool  with  CUSP  Dissipation  Model 

M = 2.4,  a = 3.756 
Ruler  shows  ten-inch  Increments 


FL087  GRID/SOLUTION:  GRID  1 - CUSP  Dissipation  Scheme 
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FL087-MB  GRID/SOLUTION:  GRID  1 
Cutting  Plane  Normal  to  Leading  Edge  at  Z = 300 
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FL087-MB:  Wing/Body  Grid  with  CUSP  Dissipation  Model 

M = 2.4,  a = 3.756 
Ruler  shows  ten-inch  increments 


Grid  Convergence  of  Drag  on  Ames  -103  W/B 
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Grid  Convergence  of  Drag  on  Ames-103  W/B 
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h**2  = 1/(Total  Number  of  Points)**(2/3)) 


Euler  Computations,  Ames  01-03  Wing/Body  (Refined  grids,  CUSP  and  Scalar  dissipation) 
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Euler  Computations,  Ames  01-03  Wing/Body  (Refined  Grids,  CUSP  and  Scalar  dissipation) 


This  page  is  intentionally  left  blank. 


146 


HSR 

Hic^hJjjjDee^^Resea^ 


Langtey  Research  Center 


High  Reynolds  Number  Predictions  for 
the  Baseline  Arrow  Wing  at  Mach  2.48 

Melissa  Rivers  (LaRC) 

Richard  Wahls  (LaRC) 

Aerodynamic  Performance  Workshop 
HSR  Annual  Airframe  Review 
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February  9-11,  1998 


The  NASA  High  Speed  Research  (HSR)  Program  is  intended  to 
establish  a technology  base  enabling  industry  development  of  an 
economically  viable  and  environmentally  acceptable  second  generation 
high  speed  civil  transport  (HSCT).  The  objective  of  the  Configuration 
Aerodynamics  task  of  the  program  is  the  development  of  aerodynamic 
drag  reduction,  stability  and  control,  and  propulsion  airframe  integration 
technologies  required  to  support  the  HSCT  development  process. 
Aerodynamic  design  tools  are  being  developed,  evaluated,  and  validated 
through  ground  based  experimental  testing.  In  addition,  methods  for 
ground  to  flight  scaling  are  being  developed  and  refined. 
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Configuration  Aerodynamics  Technology  Development 

Session  1:  Analysis  Methods  and  CFD  Validation 
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Outline 


• Objectives 

• Approach 

» Code  description 
» CFD  matrix 

• Computational  results 

» Turbulence  model  comparisons 
» Angle-of-attack  sweep  results 
» Reynolds  number  effect  results 

• Summary 


As  outlined  above,  this  presentation  describes  the  primary  objectives  of 
the  project  and  the  approach  taken  to  meet  the  objectives.  Next,  the 
computational  results  from  a turbulence  model  comparison,  an  angle-of- 
attack  sweep,  and  a Reynolds  number  effect  study  are  presented  and 
compared  to  experimental  data  where  available.  A summary  will 
complete  the  presentation. 
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Objectives 

• Validation  of  a computational  fluid  dynamics  (CFD)  flow 
solver  at  a supersonic  Mach  number  as  a function  of 
Reynolds  number 

• Enhanced  understanding  of  data  obtained  in  the 
supersonic  high  Reynolds  number  test  in  the  PSWT 


The  main  objective  of  this  investigation  was  the  validation  of  a 
computational  fluid  dynamics  flow  (CFD)  solver  at  a supersonic  Mach 
number  as  a function  of  Reynolds  number.  The  investigation  also 
provided  an  enhanced  understanding  of  the  data  obtained  in  the 
supersonic  high  Reynolds  number  test  in  the  Boeing  Polysonic  Wind 
Tunnel  (PSWT). 
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Approach 


• Developed  a test  matrix  to  complement  the  experimental 
study 

» M2.4-7A  arrow  wing  configuration 
» Mach  = 2.48 
» a = -3  to  3 deg 
» Re  = 5 to  15  million  per  foot 
» Free  and  fixed  transition  configurations 

• Used  CFL3D  flow  solver 

» Fully  turbulent  (some  mixed  turb.  + lam  and  fully  lam  in  progress) 
» Single  block  C-0  topology  grid  (-2.7x1 06  points,  y^-l) 

» Convergence  criteria 

— < 0.5  count  CD  variation  over  100  iterations 

- > 3 orders  of  magnitude  residual  reduction 


The  approach  taken  for  this  study  was  to  first  develop  a test  matrix 
which  complemented  the  experimental  study.  The  experimental  study 
used  the  M2.4-7A  arrow  wing  configuration  at  Mach  2.48,  angles-of- 
attack  ranging  from  -3  to  3 degrees  and  Reynolds  numbers  ranging  from 
5 to  15  million  per  foot.  Both  free  and  fixed  transition  configurations 
were  tested. 


A more  detailed  discussion  of  the  experimental  study  is  presented  in  a 
separate  paper  by  Wahls,  Rivers,  Magee,  and  Novean  in  this  workshop. 


For  the  computational  study,  the  flow  solver  known  as  CFL3D  was 
used.  All  of  the  cases  presented  herein  were  run  with  the  code  modeling 
fully  turbulent  flow.  A single  block  C-0  topology  grid  with 
approximately  2.7  million  grid  points  was  used  to  model  the  M2.4-7A 
geometry.  The  convergence  criteria  for  all  solutions  was  less  than  half  a 
count  variation  in  drag  over  100  iterations  and  at  least  3 orders  of 
magnitude  residual  reduction. 
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Approach  (Cont.) 


• Evaluated  turbulence  models,  down  selected  to  one  for  the 
full  run  matrix 

» Spalart-Allmaras 

» Baldwin-Lomax  with  Degani-Schiff  modifications 
» Baldwin-Barth 

» Gatski/Speziale  - not  in  production  mode 
» Mach  2.48,  Reft=5.26xl06, cx=-l .0  and  2.0  deg 


For  the  turbulence  model  study,  four  different  models  were  evaluated. 
The  one-equation  Spalart-Allmaras  model,  the  algebraic  Baldwin- 
Lomax  with  the  Degani-Schiff  modifications  model,  the  one  equation 
Baldwin-Barth  model,  and  a preliminary  version  of  the  EASM 
Gatski/Speziale  model.  All  turbulence  models  were  tested  at  Mach 
2.48,  Reynolds  number  per  foot  of  5.26  million  and  at  a’s  of  -1.0  and 
2.0  degrees. 


After  all  of  the  runs  were  completed  for  this  study,  the  results  from  the 
four  models  were  evaluated  against  the  experimental  data  and  one  was 
chosen  for  the  full  run  matrix. 
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Approach  (Concluded) 


• Compared  fully  turbulent  CFD  solutions  with  experimental 
data 

» Mach  2.48 

» a sweep  at  RefI=5.26x  1 06 
» Re  sweep  at  a=- 1 .0  (near  C^)  and  a=2.0  (cruise) 


After  the  completion  of  the  turbulence  model  study,  an  angle-of-attack 
sweep  was  performed  at  Mach  2.48  and  Reft  = 5.26  million.  A 
Reynolds  number  sweep  was  also  done  at  ot=-1.0  deg  (near  CDmin)  and 
a=2.0  deg  (cruise  CL).  The  data  from  these  sweeps  were  compared  to 
the  available  experimental  data. 
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This  figure  shows  the  drag  polar  for  two  experimental  conditions  and 
the  four  different  turbulence  models  at  Reynolds  number  per  foot  = 5.26 
million  and  Mach  2.48.  There  is  also  one  point  on  each  of  the  enlarged 
figures  showing  an  experimental  value  corrected  for  trip  drag.  The 
correction  of  the  experimental  data  to  fully  turbulent  conditions 
accounts  for  +1  count  for  a laminar  leading  edge  run,  and  -2.9  and  -5.0 
counts  of  trip  drag  at  CL=0.014  and  CL=0.097,  respectively.  As  the 
figure  shows,  Spalart-Allmaras  agrees  the  best  with  the  corrected  data  at 
Cl=0.014  (near  CDmjn),  and  Baldwin-Barth  agrees  the  best  with  the 
corrected  data  at  C^— 0.097  (near  cruise),  with  Spalart-Allmaras  over 
predicting  the  drag  by  only  2 counts. 
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This  figure  shows  that  at  cx=-1.0  deg,  all  of  the  turbulence  models 
predict  the  same  lift,  which  is  in  between  the  free  and  fixed  transition 
experimental  data,  as  expected.  At  a=2.0  deg,  all  of  the  turbulence 
models  again  predict  the  same  lift,  which  is  lower  than  both  the 
experimental  values.  The  lower  CL  prediction  at  a=2  deg  is  consistent 
with  static  aeroelastic  deformation  of  the  flexible  wind  tunnel  model  as 
compared  to  the  rigid  CFD  geometry. 
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Turbulence  Model  Study  Results 

. ' _j_.t  .--- 1 - — — — — ■-!.- ..'  ' 

• Re/ft  = 5.26xl06,  Mach  2.48 


All  of  the  turbulence  models  predict  the  same  pitching  moment  values 
at  both  a=- 1 .0  and  2.0  deg.  The  slight  rotation  of  the  Cm/CL  curve  seen 
is  consistent  with  a flexible  model  (experiment)  versus  a rigid  model 
(CFD). 
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Turbulence  Model  Study  Conclusions 


a=-1.0t 

abula 

ited  results 

l 

Exp/TM 

Co 

Cov 

Cm 

Time  for  Comp. , 

counts 

courts 

C-90  eqiiv.  Hrs. 

Exp,  free  trans. 

0.014 

75.90 

58,7" 

0.005 

. 

Exp,  fixed  trans. 

0.013 

80.90 

58.7** 

0.006 

. 

Exp,  corrected 

0.014 

78.90 

0.005 

. 

SA 

0.014 

79.30 

58.10 

0.005 

1.82 

BL/DS 

0.014 

73.00 

51.90 

_ 0.005 

1.66 

BB 

0.014 

77.70 

56.50_ 

0.005 

2.10 

GS 

0.014 

76.60 

55.20 

0.005 

2.36 

• a=2.0  tabulated  results : 


Exp/TM 

Cl 

cD 

courts 

Co» 

courts 

Cn,  Time  for  Comp., 

! C-90  eoiiv.  Hrs. 

Exp,  free  trans. 

0.097 

118.20 

58.7** 

0.003  ! 

Exp,  fixed  trans. 

0.097 

125.50 

58.7" 

0.003  ' 

Exp,  corrected 

0.097 

121.50 

- 

0.003 

. 

SA 

0.097 

123.20 

57.70 1 

0.002 

1.83 

BL/DS 

0.097 

117.60  ' 

52.20 

0.002 

1.71 

BB 

0.097 

121.40  ; 

55.90 

0.002 

3.83 

GS 

0.097 

120.30  | 

54.70 

0.002 

2-50 

**  Theory 

SA  = Spalart-  Allmans 
BL/DS  = Baldwin-Lomax  with 
Degani-Schiff  modifications 
BB  = Baldwin-Banh 
GS  = preliminary  version  of 
Gatski/Spezialc 


• Spalart- Allmaras  agreed  the  best  at  the  CDmin  condition 
with  the  corrected  experimental  fixed  transition  case; 
therefore  it  was  used  for  the  a sweep  & Re  effect  study 


The  data  presented  herein  is  not  corrected  for  static  aeroelastics  (i.e. 
model  deformation),  which  has  a minimal  effect  at  CWll;  therefore 
comparing  at  CDmjn  gives  a cleaner  comparison  to  “rigid”  CFD.  Using 
this  reasoning  and  looking  at  the  tabulated  data  for  oc=-1.0  deg  where 
Spalart- Allmaras  comes  the  closest  of  the  four  models  to  matching  the 
experimental  corrected  data  in  drag,  Spalart-Allmaras  was  selected  for 
further  applications. 
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EFT)  and  CFD  Comparisons:  a Sweep 


• Re/ft  = 5.26xl06,  Mach  2.48 

• Exp.  fixed  transition  not  corrected  for  trip  drag 


This  figure  shows  the  drag  polar  for  free  and  fixed  transition 
experimental  data  and  the  computational  data  at  Mach  2.48  and 
Reynolds  number  per  foot  of  5.26  million.  The  CFD  results  are 
between  the  fixed  transition  (not  corrected  for  trip  drag)  and  free 
transition  data  throughout  the  polar.  As  in  the  turbulence  model  study, 
correcting  for  trip  drag  improves  the  comparison. 
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EFD  and  CFD  Comparisons:  a Sweep 


• Re/ft  = 5.26xl06,  Mach  2.48 

• Exp.  fixed  transition  not  corrected  for  trip  drag 


This  figure  shows  the  lift  curve  for  free  and  fixed  transition 
experimental  data  and  the  computational  data  at  Mach  2.48  and 
Reynolds  number  per  foot  of  5.26  million.  The  comparison  between 
CFD  and  experimental  fluid  dynamics  (EFD)  is  good  throughout  the 
polar. 
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EFD  and  CFD  Comparisons:  a Sweep 

• Re/ft  = 5.26xl06,  Mach  2.48 

• Exp.  fixed  transition  not  corrected  for  trip  drag 


This  figure  shows  the  pitching  moment  for  free  and  fixed  transition 
experimental  data  and  the  computational  data  at  Mach  2.48  and 
Reynolds  number  per  foot  of  5.26  million.  The  CFD  predicts  a more 
nose-down  pitching  moment  than  the  EFD  but  the  CFD  does  pick  up  the 
slope  change  at  CL=0.10.  The  slight  slope  difference  in  the  two  Cm/CL 
curves  is  again  consistent  with  flexible  model  versus  rigid  CFD  results. 
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Reynolds  Number  Effect  Study 


• Reynolds  number  effects  on  CD,  Mach  2.48,  a=-1.0  deg 


This  figure  shows  the  Reynolds  number  effects  on  drag  near  CDmin  (a=- 
1 .0  degrees)  for  both  the  experimental  and  computational  data.  The 
computational  data  is  consistently  about  1.5  counts  below  the  fixed 
transition  experimental  data  and  1.5  to  3 counts  higher  than  the  free 
transition  experimental  data.  The  free  transition  data  appears  to  be 
approaching  the  fully  turbulent  CFD  data  near  15  million  Reynolds 
number  per  foot. 
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This  figure  shows  the  Reynolds  number  effects  on  drag  near  cruise 
(oc=2.0  degrees)  for  both  the  experimental  and  computational  data.  The 
computational  data  is  3-4  counts  below  the  fixed  transition  experimental 
data  and  0.5  to  1.5  counts  higher  than  the  free  transition  experimental 
data. 
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Reynolds  Number  Effect  Study 

• Reynolds  number  effects  on  CL,  Mach  2.48,  <x=-1.0  deg 
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This  figure  shows  the  Reynolds  number  effects  on  lift  near  C^n  (a=- 
1.0  degrees)  for  both  the  experimental  and  computational  data.  This 
shows  a minimal  Reynolds  number  effect  on  lift  over  this  small 
Reynolds  number  range  (5  to  15  million  per  foot). 


163 


Reynolds  Number  Effect  Study 

• Reynolds  number  effects  on  CL,  Mach  2.48,  a=2.0  deg 
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This  figure  shows  the  Reynolds  number  effects  on  lift  near  cruise 
(a=2.0  degrees)  for  both  the  experimental  and  computational  data.  This 
figure  shows  a minimal  Reynolds  number  effect  on  lift  over  this  small 
Reynolds  number  range  (5  to  15  million  per  foot).  The  computational 
data  predicts  the  lift  lower  than  the  experimental  data  across  the  entire 
range  of  Reynolds  numbers. 
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Reynolds  Number  Effect  Study 


• Reynolds  number  effects  on  Cm,  Mach  2.48,  a=-1.0  deg 
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This  figure  shows  the  Reynolds  number  effects  on  pitching  moment 
near  C^,,  (a=-1.0  degrees)  for  both  the  experimental  and 
computational  data.  The  basic  pitching  moment  levels  agree  and  there 
is  a minimal  Reynolds  number  effect  on  pitching  moment  over  this 
small  Reynolds  number  range  (5  to  15  million  per  foot).  This  figure 
also  shows  that  the  aeroelastics  are  minimal  near  CL=0.0. 
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Reynolds  Number  Effect  Study 

• Reynolds  number  effects  on  Cm,  Mach  2.48,  a=2.0  deg 
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This  figure  shows  the  Reynolds  number  effects  on  pitching  moment 
near  cruise  (a=2.0  degrees)  for  both  the  experimental  and 
computational  data.  This  figure  shows  that  there  is  minimal  Reynolds 
number  effects  on  pitching  moment  for  this  small  range  (5-15  million 
per  foot).  Also,  the  CFD  predicts  a different  slope  than  the  EFD,  which 
can  be  accounted  for  by  the  fact  that  we  are  comparing  a flexible 
experimental  model  with  a rigid  CFD  model. 
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Reynolds  Number  Effect  Study 


• Viscous  drag,  Mach  2.48 


This  figure  shows  the  viscous  drag  component  of  the  computational 
results  at  a=- 1 .0  and  2.0  deg  and  the  equivalent  flat  plate  theory.  The 
CFD  and  equivalent  flat  plate  results  agree  well.  The  levels  at  CDrain 
(a=-1.0  deg)  agree  well  with  a slight  offset  at  cruise  (a=2.0  deg).  The 
Reynolds  number  effect  trends  agree  at  both  conditions. 
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Reynolds  Number  Effect  Study 

• Pressure  drag,  Mach  2.48 
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This  figure  shows  the  pressure  drag  component  of  the  computational 
results  at  a=-1.0  and  2.0  deg.  There  are  no  Reynolds  number  effects  on 
pressure  drag  over  this  small  Reynolds  number  range. 
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Summary 


• Method  assessment 

» Turbulence  model  study 

- Baldwin-Barth  and  Spalart-Allmaras  both  performed  well  in  this 
study 

- Chose  Spalart-Allmaras  for  further  use 
» Prediction 

- Consistent  results  through  a sweep 

- Fully  turbulent  results  fall  between  experimental  free  and  Fixed 
transition  results 

- Small  or  negligible  Reynolds  number  effect  on  CL  and  Cm  over  the 
small  range  of  Reynolds  numbers  jested 

- Viscous  drag  results  for  CFD  and  equivalent  flat  plate  agree  well 

• Provided  fully  turbulent  prediction  to  enhance 
understanding  of  experimental  data  and  trip  drag 
assessment 


To  summarize,  the  turbulence  model  study  showed  that  both  Baldwin- 
Barth  and  Spalart-Allmaras  performed  well  for  this  configuration  at  the 
tested  conditions.  The  Spalart-Allmaras  model  compared  the  best  near 
Comim  where  there  is  the  least  aeroelastic  effects  and  it  was  used  for  the 
angle-of-attack  sweep  and  Reynolds  number  effect  study.  The 
predictions  gave  consistent  results  throughout  the  angle-of-attack 
sweep.  The  fully  turbulent  results  fall  between  the  experimental  free 
and  fixed  transition  results  and  there  is  a small  or  negligible  Reynolds 
number  effect  on  CL  and  Cm  over  the  small  range  of  Reynolds  numbers 
tested.  The  viscous  drag  results  for  the  CFD  and  equivalent  flat  plate 
results  agreed  well. 


Finally,  the  results  of  this  project  provided  a fully  turbulent  prediction 
to  enhance  the  understanding  of  experimental  data  and  trip  drag 
assessment. 
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High  Speed  Aerodynamics,  Long  Beach 
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Applications  of  Parallel  Processing  in  Configuration 

Analysis 


P.  Sundaram  and  James  O.  Hager 
The  Boeing  Company 
Long  Beach,  California  90807-5309 

and 

Robert  T.  Biedron 
NASA  Langley  Research  Center 
Hampton.  Virginia  23666 


The  paper  presents  the  recent  progress  made  towards  developing  an 
efficient  and  user-friendly  parallel  environment  for  routine  analysis  of 
large  CFD  problems.  The  coarse-grain  parallel  version  of  the  CFL3D 
Euler/Navier-Stokes  analysis  code,  CFL3Dhp,  has  been  ported  onto  most 
available  parallel  platforms.  The  CFL3Dhp  solution  accuracy  on  these 
parallel  platforms  has  been  verified  with  the  CFL3D  sequential  analyses. 
User-friendly  pre-  and  post-processing  tools  that  enable  a seamless  transfer 
from  sequential  to  parallel  processing  have  been  written.  Static  load 
balancing  tool  for  CFL3Dhp  analysis  has  also  been  implemented  for 
achieving  good  parallel  efficiency.  For  large  problems,  load  balancing 
efficiency  as  high  as  95%  can  be  achieved  even  when  large  number  of 
processors  are  used.  Linear  scalability  of  the  CFL3Dhp  code  with 
increasing  number  of  processors  has  also  been  shown  using  a large  installed 
transonic  nozzle  boattail  analysis.  To  highlight  the  fast  tum-around  time  of 
parallel  processing,  the  TCA  full  configuration  in  sideslip  Navier-Stokes 
drag  polar  at  supersonic  cruise  has  been  obtained  in  a day.  CFL3Dhp  is 
currently  being  used  as  a production  analysis  tool. 
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Approach 


0 X 
15  CD 

o > 

d)~  o 
-a  - 

O "O 

0 CD 

.52  co 

CO  Q. 

■s*  E 

1 8 

CO 

_ a> 

Q c 

co 

rr  w 

LL  q> 

° 8 

£ 5. 

ol 

c 5 
o co 
«j  a. 

| o 

"m  w 
J®  d) 

0 S5 
1-  co 

co  •£ 

CD  > 

sz  T3 
as 

CD 
05 

ZD 


<D  O)  CD 
-C  C JZ 

•4_« ' 4— » 

-o  3 co 

« "8  « 
<2  c E 

i'3  2 

£■§  " 
s°* 


® ® « 


as  as 
.52  as  as 

Q.  Cl 


o 

as 


a> 

JC 


CD 


co  co 
co  52  =- 

Q-  H- 

CO  o 

CO  O) 

^ CO  CD 
5 -n  O) 

5 IS  « 

CO  +2  c 

o T3  > 

§ 

® 2 ^ 
■c  CD  CO 

R$| 

co  g a 

co  t 

5 o 5 

Q.*=  ^ 

x:  •§  a> 

Q Q-  o 

« CD  £ 

d S w 

O £ 


CD  O 
X M“ 
«-  CD 

CD  O )z 
> •*-  _0 

d)  O n 

lc  ® 8 
o®2 
CO  C Q) 

O ® £ 

TJ  ^ 
0 0 -52 
a n ffl 

O *CO  S 

® 52  co 
d)  o.  E 
-a  £ 2 

o CD  -g 

CD  o 
% H CL 

0 .-g 
o8> 
2*  « 
co  o co 
o °-2 
0 .52 
“ « 


O CD 

4-* 

05  JO 


Ql  C 
CD  O 


05 

CD 

C 


co  as 
o S 

os  as 
05  — 

a>  <d 
o = 

O 2 

Q.g_ 


<0 


CD 


C JO 


<0  -q  

0 o 
c 


Z O >, 


T3 

CD 

C 

'as 
■*— » 

-Q 

O 

CD 

CD 

$ 

05 

C 

o 


-*  O 
as  E 

~ CD 
SZ  T5 

o 

as  o 
o — 

Q.-D 

§■  § 

*-£ 

CO 

_1 

LL. 

o 


CO 


CO 

E 


0 


■O  ■= 


CO  S3  _ ^ .£= 


S3 

CO  ° 

< CO 

c 

d>  B 

C 3 

3 ° 

Q.  W 

E o. 

8 Q Q 

|3  3 

§-U-  LL 

w O O 


X) 

E c 

3 

C 0 
0 0 
D)  D 

_0  0 

- B 

O 5 
>,  « 
.■^  >> 

— o 
XI  c 
0 0 

11 

as  cd 


CD  ~ 


g 

o 

05 


JD 

as 

CL 

as 

o 

o> 

c 

05 

05 

05 

O S 

O 05 

Q.O 


178 
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CFL3Dhp:  Coarse-Grain  Parallelization 
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computations  done  by  individual  nodes  in  parallel 


CFL3Dhp  Code  Portability 
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Environments  and  Platforms  Supported 


-Q 

"O  CO 
CD  CD 

■e  ^ 
2 3 

Q.  O 
CL  CD 
zs  .t; 

w o 

CD 

cB  « 

+-  CD 
0 = 
sz  2 
^ to 
c Q- 
CD 


0 

V. 

- CO 
O TJ 


§ 'I  H1 

® to  7^ 

“3  CO  I-  *= 

-n  ° i5 

C ° CD  °- 
CO  CD  -O  CO 
u o _ 
O o c -9 
05  c c o 

1 Sy*  ^ 

O 0 0 w 
o co  c 
>>£  .t  o 

“ g 3 o. 


CO 

E 


E c P 


JT*  <0 

CL  -D 
X 0) 
— o 

Q. 
0 


CO 

a) 

E 

3 

o 

0 

CD 


P \ ? I E o 


D 

Q. 

O 


CO 

o 

cO 

Q. 

£i 

0 

£ 

CD 

X 


CD 


O 

O 

Cl 

CD 


b:  O ±= 


CD 

.£Z 


C TJ  CD 

c q i 


CO 


CD 


O 

_ E 

C p 


CO 

CD 


O 
CD 
E CL 
^ w 
£ CD 

aj  P 

Q_  _0 

"o  co 

= CD 
2 CD 

CO  w 
o CD 
CO 


CL 

E 
o 
o 
c 
CD 

O +-* 


0 

3 

O 

'u 

CO 

> 


JC  ^ 

- n 

8i  1 

€8  " 

m ® 

« 2 

CO 

^ O' 

5 CL 

o -c 

CD  Q 
■—CO  — 
JC  I CO 

I — □_  — 1 
O 

CD 


CD  "O  LL 

CD  CO  2 O 
«=!□ 
r CD  H c 
-C-  > .ti  ~ 

O > ^ CO 

^ CD  3 = 
W CO  £ X5 

£ 2 £ i 

o o i=  be 

CD  -4=  c-  o 
CD  CO  •=  tl 

8 = 1 8. 

| £ I £ 

f 8ti 

3 _ CD  *7 

E -2  © £ 

5 £ 3£ 

S &*§ 

Sega 

^2<S§ 

o 91  i o 

CD  *-  CD 

M£f 

iiSf 

CO  Q.O  =2 
-C  o O) 
® O w C 

g,  6 io  ^ 

P -a  co  tj 

is  S 

£ -cT 

CD  CO  O 
Q.  Q.  .Q 


T3 
C 

CD  10 
CD  — 

CO  ^ 0 

— CO  be 

o)w'  ^ 

id 

c 


o 

co 

>< 

<D 


0 

O 


C/) 

o 

CD 

c 

CD 


Q-  -K 


O CO 

g 0 


CO 

CD 

E 


c 

o 

o 


o 

n 

CD 


0 CO  CD 
> 0 
.c  0 
Ob  > 

© o -= 

s-  .Q 


0 

c 

0 


CD  C 
C O 
0 TJ  -D 
P 2 2 

CD 


-2  x:  0 

•fc  o _ 

0 3 £ 

E “5 

P io  ■“ 

5.  E £ 

%5 

o 

— 0 Q. 

CL  _ 

S ® 2 

« 8 ° 

S (E  S & 


■a 

CD 


CD  = 


CO 

° T5 


3 

Q. 

E 

o 

o 


73 

0 CO 
>,.2 
TJ  T3 
O 3 

=2  « 

c c 

.2  o 

§ ’-M 

5 CO 
< !2 
O-co 
H > 

0 
T3 

o 
o 


SI  CD 

-Q  c/j 
CD  JD 

%CL 
W O 


S CD 
■E  o 

Q.  = 
x:  3 

S o 

CO  co 


LL 


O 

O 

O 

CVJ 


c 

o> 


o 

CD 

Q- 

co 


^ "O  CO 

~o 
CD 
CO 
3 


- CO 
CO 


o 


o 

E 


CD  O 
~ > 

3 > x: 

g-.^  ° 
o ^ 

° E 


c 

CD 

CD 

-Q 

CO 

cO 


OJ 

Ql 

CO 


O “ 

-4— » 

co  c= 

— CD 

O "D 
CO  co 
. CD 

CD 


3 

E 


© 

— E 

n\  ^ -r- 


® o 
0 ° 


0 "0 

°-n  cd 

® o 
© 

m 

O 8 

V £ a 

"D  D)  m- 
0 ■■£=  O 


Q.  0 
Q ^ 

3 § 

_ o c 
Ql  .2 


> 

o 


!§ 


CO 

CO 

CD 


CD  D> 

c 


c 
CD 
CO  CD 

3 n 


o 

CO 


O CO 
CO  CO 
C -C  0 

Q o 00 

■5 

£ Q O 
0 CO  ^ 

_j  2 

o a!  -B 

g o « 

CO 

CO  }r 

° > 
a $ 


0 

c 

0 

O) 

o 

1— 

Q 

CD 

-C 

U- 

0 
-«— » 

_3 

O 

0 


73 

C 

0 


3 

-Q 

'l. 

-4— * 

CO 

73 


^ 0 
~ 73 
0 0 

E ■& 

■c  c 
a.  3 


■o  2 

0 0 -C 

0 „ 

0 0$ 

-9  Ocv, 
0 0 1 
r «CL 

m O ^ 

0 o 

O g 2 

.9-  CD 


3 

E 


0 

0 


CD  3 § 

O CD 
O SZ 

4— » 

§1 

0 -L- 

E , 

■D  o 
0 -2 

as 
11 

0 0 

4->  U 

=3  CO 

5 a 

'u 

0 -E 

=6  £ 
^ D) 

1 2 

£ 1= 

c co 

i = 
^ 0 
0 

■C  ^ 
0 
0 

0 
O 
O 


0 

n 0 
O 

o 

>>  co 

O t 
d 

0 .2 

« 0 

*= 

? = 

E 0 

0 0 

E 2 

~ 0 

§•£ 

1 S 

c '-2 
o)  2 

'0  3 

.2  a> 

|l 

$ o 


0 ^ 
o o 
o 0 

0 0 
J=  0 
+-  ^ 

o -2 

c«> 

s ® 

O > 

2 0 

0 »- 
^ 0 
0 -C 

- © 
0 > 

3 ^ 
Cl  0 

R 0 
E ^ 
0 c 

Q-  >, 

3 T3 
0 O 

o C 

81 


< 

o 


o 
0 
0 
0 
o 
o 

Q-.E 

0 

as 

° % 

>>  ^ 

E O 
0 O 
c O 
t OJ 


0 g5 
2 O 

0 ® 

8f 

O c 
0 O 

73 
0 
0 
3 

C 
0 
0 
.Q 


0 

O 

E 

0 

E 


184 


Massively  parallel  architectures  such  as  the  Cray  T3E  where  the  processors  are  inter- 
connected in  a 3-D  torous  are  attractive  for  parallel  applications  requiring  hundreds  of 
processors.  Scaleable  performance  of  CFL3Dhp  has  been  demonstrated  on  Cray  T3E. 
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CFL3Dhp  Requires  External  Block  Splitting 
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Pre-  and  Post-Processing  Tools 
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become  large.  This  is  a post-processing  nightmare,  particularly  with  the  present  GUI-based 
visualization  packages,  for  visualizing  the  surface  flow  quantities.  To  avoid  this,  the  Splicom 
combines  the  split  grid  and  solution  back  to  the  original  un-split  blocks.  Both  the  grid  and 
solution  file  split  blocks  can  be  combined. 
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Load-Balancing  Efficiency  and  Processor  Load 
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Processor  ID 
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required  memory  = 400  Mw 


Room  for  Performance  Improvement 
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TCA  Full  Configuration  Performance  and 
S&C  Characteristics 


Grant  L.  Martin,  Raul  Mendoza,  Paul  Kubiatko,  and  Shreekant  Agrawal 
Long  Beach,  California  90807-5309 


During  the  past  year,  Boeing  Long  Beach  has  made  major  strides  in 
Computational  Fluid  Dynamics  (CFD)  analysis  of  increasingly  complex 
HSCT  configurations  using  both  serial  and  parallel  computational 
platforms. 

Presented  herein  are  full  configuration  Euler  and  Navier-Stokes 
solutions  obtained  using  CFL3D  on  the  NAS  C-90,  J-90,  IBM  SP-2,  Cray 
T3E,  and  SGI  0rigin2000.  Solutions  were  obtained  for  the  1.675%  TCA 
wing/body  (W/B),  wing/body/empennage  (W/B/E),  wing/body/nacelle/ 
diverter  (W/B/N/D),  and  the  full  configuration  (W/B/N/D/E).  Other 
CFL3D  full  configuration  computations  were  performed  on  the  1.5% 
Modular  Controls  Model  to  assess  the  longitudinal  and  lateral-directional 
characteristics  of  the  TCA  at  M„=2.4.  Limited  full  configuration 
predictions  were  obtained  at  M„=0.9. 

In  order  to  validate  the  predicted  force  and  moments,  a number  of 
comparisons  are  made  between  predicted  results  and  the  available  test  data 
from  the  NASA  Langley  Unitary  Plan  Wind  Tunnel  (UPWT)  and  the 
transonic  16’  TT  facility. 
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Summary  and  conclusions 


Objectives 
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Flow  Analysis  and  Computer  Platforms 
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1 .675%  TCA  Predictions 
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1 .675%  TCA  Predictions 
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TCA  Supersonic  Grids 
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TCA  Drag  Build-up  (Closed  Aftbody) 


^ C 

■ m w 

<N  $ 
II  2 

2 m 

CO 

c O) 
•2  c 

© © 
gj-o 

CD 


r-  w 

.1  g 

O 


o o co 

> c c 

Hill 


0 

^ b 

0 = 

0 0 

5 8 

CL 

•i  C 

_0  q 


£ O 


c .E 


o 0 is 


o 

> 

"O 


c 

0 
-4— » 

-Q 

O 

0 

0 

5 

0 


0 O 
XT  ” 


-C  c 

-4— » 

5 « 

- ^ ® © 

© ^ 'X  -C 

i—  -4— * 
0 

E 2 

© Q 
CL  -C 
£ <: 
o 

° 05 
05  <D 


. CL 
0)  _ 
t=  C CO 
CO  O O 
£ -j=  -c 

© 2 © 
c 3 E 

•—  O)  3 

© *£  C 
5 o >* 

+-  O C 
® UJ  ° 

©Q  § 


0 
0 
o co 
0 


O 


0 0 

4=  ffi 


o ^ 
= m 
o > 
~ > 

c -D 
© C 

•e  © 
8.0 
E z 


CO  Jr  -c  © m - 


3 © 

■6  -2 

= © ~ 

E z £ 

o>  .c  <u 
£ H 3 
TJ 

< ^ 


© 
w © 
3 E 
© 8 


© CD 

“I 

"ri  3 

o>2  © 


© 

ZJ 

O) 

U— 

c 

o 

Q 

>> 

TD 

O 

-Q 


0 _ 

x:  o 


x ■*£ 


0 o> 
5 c 

LU  X5 
— c 

< ° 

H CL 

0 
0 


0 ^ 

E -g 


0 

"O 

0 

0 

O 

O 

0 

x: 


= 0 


-S  O 


II 


0 

■4— » 

C 
© © 
8 DC 

a? 

c 
o 


© 

■O 

o 

£ 


o 

a 


© 2 

© o 

■c  © 

Q c 

c 2 ~ 
© 5 

> r 


S“ 


© © 
O _C 

c *- 
® _ 
E£ 


© o 


■•5=  o o 


o 

CO  O 
© II 

fo 


0 


>^"0 
JC  0 
> 
o 

E 


“O 

0 

c 


X 0 

|.§ 

o © 

_i  © 


•-  p 


£ -D  ^ 

O C <i> 

” ® > 
^ 0 
CM  Z 

2 E ? 

0 0 


0 


C 
0 
0 0 
“O  -Q 


■D 

0 

C 

'0 

+-» 

-Q 

O 

C 

0 

0 

X> 

« © 

x:  c 

© © 
© © 
■O  Q- 


+-  -H  W (ft  fl) 
rr\  n\  m 0 ^ 


O 


0 


© © 
CL  D 

^qOLU 

© © | 
w © .2 

© o > 

1 — 


© 

© 


Q.  © © 

W 


.£  c 

„ o 

V-  ‘X3 
© © 
© =5 

£ .o> 

5 c 

o 

o 

© yj 

JO  CD 


o © 

© .c 

© ■*- 

o o .© 


CL 

— S5  © 

2 o 

o -o  c 

© © w 

E © © 

© « t5 

^ £ © 

C q.  Cl  C -q 

— X © © 

^ m f~  jO  o 


© © 
o-l 
° © 

0 — « 
> 


0 5 

« s 

CO 


c 

0 

0 


° 5 S 

111 

0 


0 o 
> — 
0 


~ o 


*o 

«?=5 

£ ffl 

45  l. 

© -C 

© 3 h- 
© LU  . 
> 

O \ a) 

© ^ -E 
sE  © 
5i-  & 


O 

c 

CD  0 

M 

0 
0 


0 0 
0 

Jsc:  d 
O 0 

CO  S 

vL  © 
© © 

*>  ^ 

© o 

z co 

© CD 
£ > 
© 
©"  z 

© -n 
© ^ 
° © 
© i_ 

Z o 

Z3 

£ m 

© 


© C“ 
T)  -j= 
© E 

© O 
£ .05 

© C 

> o 

05° 

© — 


w 

0 
r^- 

h- 

1 

CL 

o 


P o 


© 


W © T3 

IS 


0 

0 


0 


0 


0 

■°  0 

0 C • 
- © © 

.g>o  ° 

““  o-3 
© E 3 
£ o co 
I-  o s 


■g  ® 

Q.  ^ 

Q.  0 

Q C 

o o 

ei 

© o 
JD  © 

(b  ° 
© © 
© 

O o 

CO  £ 


© 
o r 

“ 1° 
0 U- 

k. 

O-  c 

© ® 
CD 

^ .05 

0 JO 

CO  co 

> ^ 

© OJ 

Z © 

1 c 

i.2 

w O 
© "D 
=3  £ 
LU  Cl 


D) 

© 

■a 

P 


0 

0 

0 


o 

0 

o 

> 

0 

u. 

0 

1 
0 
+-» 
O 

TO 

0 

v- 

CL 


222 


(s;unoo)  qq  ‘iuopjjjeoo  6bjq 


223 


Configuration 


TCA  Predicted  Nacelle  Installation  Drag 
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TCA  Predicted  Emp.  Drag  (Closed  Aftbody) 
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TCA  Predicted  Empennage  Drag  (Closed  Aftbody) 

^ High  Speed  Aerodynamics,  Long  Beach 
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Comparison  of  Predicted  and  Measured  Drag  Polars 
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Comparison  of  Predicted  and  Experimental  Drag  Polars 

High  Speed  Aerodynamics,  Long  Beach 

TCA  Wing/Body/Nacelle/Diverter  Configuration**,  (Trunc.  Aftbody) 
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Lower  Surface  Pressure  Contours 
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Pressure  Contours  on  the  TCA  Full  Configuration 
CFL3D  N-S  (B-L),  M„=2.4,  CL=0.1,  Rec=6.36x106 
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1.5%  HSR  TCA  Modular  Controls  Model 
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1 .5%  TCA  Modular  Controls  Model 
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1.5%  TCA  Modular  Controls  Model 
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Comparison  of  Predicted  and  Measured 

Lift  Curves 
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Comparison  of  Predicted  and  Experimental  Lift  Curves 

■■■ ■■  High  Speed  Aerodynamics,  Long  Beach 

1 .5%  TCA  Controls  Model,  W/B/N/D/E  Configuration  (Flared  Aftbody) 

LaRC  Test  1677,  UPWT,  M_=2.4,  Re=3x106/ft 
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Angle-of-Attack,  a (°) 


Magnitude  of  the  Cavity  Pressure 
Correction  on  Drag 
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Comparison  of  Predicted  and  Measured 

Drag  Polars 
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Comparison  of  Predicted  and  Measured  Drag  Polars 

h^heboh  High  Speed  Aerodynamics,  Long  Beach 

1 .5%  TCA  Controls  Model,  W/B/N/D/E  Configuration  (Flared  Aftbody) 

LaRCTest  1677,  UPWT,  M =2.4,  Re=3x106/ft,  Trip  Drag  Not  Removed 
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Comparison  of  Predicted  and  Experimental  L/D 

^ High  Speed  Aerodynamics,  Long  Beach 

1 .5%  TCA  Controls  Model,  W/B/N/D/E  Configuration  (Flared  Aftbody) 
LaRCTest  1677,  UPWT,  M =2.4,  Re=3x106/ft,  Trip  Drag  Not  Removed 
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Comparison  of  Predicted  and  Measured  Pitching  Moments 

High  Speed  Aerodynamics,  Long  Beach 

M .5%  TCA  Controls  Model,  W/B/N/D/E  Configuration  (Flared  Aftbody) 
LaRCTest  1677,  UPWT,  M =2.4,  Re=3x106/ft 


253 


Pitching  Moment,  C 


This  page  is  intentionally  left  blank. 


255 


Comparison  of  Predicted  and  Measured 
Rolling  Moments  (oc=0°) 
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Comparison  of  Predicted  and  Measured  Rolling  Moments 

High  Speed  Aerodynamics,  Long  Beach 

1 .5%  TCA  Controls  Model,  W/B/N/D/E  Configuration 

LaRCTest  1677  and  CFL3D  N-S  (B-L),  M_=2.4,  a=0.0°,  Re=3.0x106/ft 
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Sideslip,  p(°) 


Comparison  of  Predicted  and  Measured 
Yawing  Moments  (o=0°) 
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Comparison  of  Predicted  and  Measured  Yawing  Moments 

High  Speed  Aerodynamics,  Long  Beach 

1 .5%  TCA  Controls  Model,  W/B/N/D/E  Configuration 

LaRC  Test  1677  and  CFL3D  N-S  (B-L),  M_=2.4,  o=0°,  Re=3.0x1 06/ft 
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Sideslip,  p(°) 


Comparison  of  Predicted  and  Measured 

Side  Force  (a=0°) 
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Sideslip,  p(°) 


Comparison  of  Predicted  and  Measured 
Lateral-Directional  Characteristics 
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Comparison  of  Predicted  and  Measured  Rolling  Moments 

^*2^  High  Speed  Aerodynamics,  Long  Beach 

1 .5%  TCA  Controls  Model,  W/B/N/D/E  Configuration 
LaRC  Test  1677  and  CFL3D  N-S  (B-L),  M_=2.4,  o=4.0°,  Re=3.0x106/ft 
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Sideslip,  P(°) 


Comparison  of  Predicted  and  Measured  Yawing  Moments 

High  Speed  Aerodynamics,  Long  Beach 

1 .5%  TCA  Controls  Model,  W/B/N/D/E  Configuration 

LaRC  Test  1677  and  CFL3D  N-S  (B-L),  M_=2.4,  o=4°,  Re=3.0x106/ft 
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Sideslip,  (3(°) 
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Sideslip,  (3(°) 


Upper  Surface  Pressures  (W/B/N/D/E) 
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Upper  Surface  Streamlines  (W/B/N/D/E) 
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ace  Streamlines  on  the  1 .5%  TCA  Modular  Controls  Mode 


Lower  Surface  Pressures  (W/B/N/D/E) 
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Lower  Surface  Streamlines  (W/B/N/D/E) 
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1 .5%  TCA  Model  20  (W/B/N/D/E),  Mm=0 
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Comparison  of  Predicted  and  Measured 

Lift  Curves 
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__  Comparison  of  Predicted  and  Measured  Lift  Curves 

High  Speed  Aerodynamics,  Long  Beach 

1 .5%  TCA  Modular  Controls  Model,  W/B/N/D/E  Configuration  (Flared  Aftbody) 
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Angle-of-Attack,  a (°) 


Comparison  of  Predicted  and  Measured 

Drag  Polars 
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Comparison  of  Predicted  and  Measured  Drag  Polars 

High  Speed  Aerodynamics,  Long  Beach 

1 .5%  TCA  Modular  Controls  Model,  W/B/N/D/E  Configuration  (Flared  Aftbody) 
LaRC  Test  488. 16’  TT,  M = 0.9,  Re  = 4.0  x 106/ft,  Trip  Drag  Not  Removed 
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Comparison  of  Predicted  and  Measured 

Pitching  Moments 
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Comparison  of  Predicted  and  Measured  Pitching  Moments 

High  Speed  Aerodynamics,  Long  Beach 

1 .5%  TCA  Modular  Controls  Model,  W/B/N/D/E  Configuration  (Flared  Aftbody) 
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Navier-Stokes  solutions 
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Unstructured  Grid  Euler  Method  Assessment  for 
Aerodynamic  Performance  Prediction  of  the  Complete 
TCA  Configuration  at  Supersonic  Cruise  Speed 

Farhad  Ghaffari 

Aero-  & Gas-  Dynamics  Division 
NASA  Langley  Research  Center 

High  Speed  Research  Program 
Biannual  Airframe  Technical  Review 
Los  Angeles,  February  9-13, 1998 


Unstructured  grid  Euler  computations,  performed  at  supersonic  cruise  speed,  are  presented 
for  a proposed  high  speed  civil  transport  configuration,  designated  as  the  Technology  Concept 
Airplane  (TCA)  within  the  High  Speed  Research  (HSR)  Program.  The  numerical  results  are 
obtained  for  the  complete  TCA  cruise  configuration  which  includes  the  wing,  fuselage,  empennage, 
diverters,  and  flow  through  nacelles  at  Mach  2.4  for  a range  of  angles-of-attack  and  sideslip. 

The  computed  surface  and  off-surface  flow  characteristics  are  analyzed  and  the  pressure  coefficient 
contours  on  the  wing  lower  surface  are  shown  to  correlate  reasonably  well  with  the  available  pressure 
sensitive  paint  results,  particularly,  for  the  complex  shock  wave  structures  around  the  nacelles.  The 
predicted  longitudinal  and  lateral/directional  performance  characteristics  are  shown  to  correlate 
very  well  with  the  measured  data  across  the  examined  range  of  angles-of-attack  and  sideslip.  The 
results  from  the  present  effort  have  been  documented  into  a NASA  Controlled-Distribution  report 
which  is  being  presently  reviewed  for  publication. 
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— OUTLINE  — 


• Objective 

• Computational  Approach  & Attributes 

— ►-  Numerical  Model  Approach 
— ►-  Selected  Computational  Flow  Matrix 
— Typical  Computational  Grid 
— ► Numerical  Method  & Typical  Convergence 

• Results  & Discussion 


— ► Longitudinal  Aerodynamic  Analysis 
— ► Lateral/Directional  Aerodynamic  Analysis 

• Concluding  Remarks 


• What’s  Next? 


This  chart  shows  the  outline  of  this  presentation. 
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The  primary  objective  of  the  present  effort  is  to  evaluate  an  unstructured  grid  Euler  method 
for  predicting  the  longitudinal  and  lateral/directional  performance  characteristics  of  the  TCA 
configuration  at  the  design  supersonic  cruise  Mach  number  of  2.4.  Due  to  the  inviscid  nature  of  the 
present  analysis,  the  evaluation  emphasis  is  placed  on  the  method’s  ability  to  predict  the  aggregate  forces 
and  moments  acting  on  the  configuration  accurately  and  not  necessarily  the  detail  flow  physics. 

In  spite  of  this  fact,  some  representative  samples  of  the  predicted  flow  structures  will  be  presented. 


The  results  from  this  effort  contribute  to  two  activities;  1)-  the  HSR  tools  & methods  development, 
where  a variety  of  CFD  technologies  are  being  evaluated  for  their  potential  utilization  in  the  early  phase 
of  the  configuration  design  and  aerodynamic  analysis,  and  2)-  the  code  calibration.  The  latter  code 
calibration  effort  at  supersonic  speed  would  complement  the  prior  investigations  where  the  aerodynamic 
prediction  capabilities  of  the  same  methodology  were  evaluated  at  both  transonic  as  well  as  subsonic 
speeds  for  this  vehicle  class. 
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Experimental  Wind-Tunnel  Model  and  Numerical  Model  for  TCA 


Figure  on  the  left  shows  a photograph  of  the  sting  mounted  "truncated  TCA  model"  as  installed 
in  the  NASA  Langley  Research  Center  (LaRC)  Unitary  Plan  Wind  Tunnel  (UPWT).  The  truncated 
(aft-fuselage/empennage  removed)  TCA  model,  consisting  of  wing/fuselage/nacelle/diverter  combinations, 
was  primarily  tested  to  obtain  the  aerodynamic  performance  data  for  supersonic  cruise  conditions.  The 
figure  on  the  right  shows  the  present  numerical  model  including  the  aft-fuselage/empennage  components. 
Although,  the  experimental  data  have  been  obtained  with  the  truncated  TCA  model,  provision  has  been 
made  for  extracting  complementary  aerodynamic  characteristics  from  the  present  numerical  analysis  of 
the  complete  TCA  model.  This  provision  is  based  on  an  assumption,  derived  from  the  fundamental 
supersonic  aerodynamic  principle,  that  simply  states  that  any  flow  disturbance  caused  by  a source  in  a 
supersonic  medium  does  not  propagate  upstream  beyond  its  Mach  cone.  Based  on  this  principle,  it  is 
assumed  in  the  present  numerical  approach  that  any  flow  disturbance  caused  by  the  presence  of  the 
empennage  is  confined  to  a Mach  cone  originated  from  the  longitudinal  station  where  the  empennage 
is  truncated  from  the  wind  tunnel  model.  The  approximate  shape  of  this  Mach  cone,  having  a 
semi-vertex  angle  of  24.6  degree  (i.e.,  sin-1  (1/Mach)  = sin-1  (1/2.4)  = 24.6  degree),  is  schematically  shown 
over  the  complete  TCA  numerical  model  planform  in  the  above  figure  on  the  right  hand-side. 

There  are  two  clear  advantages  associated  with  modeling  the  complete  TCA  configuration.  The  obvious 
advantage  is  the  efficient  utilization  of  the  computer  resources,  i.e.,  one  computational  solution  provides 
results  for  both  the  complete  TCA  model  and  the  truncated  TCA  model.  The  second  advantage  is  that 
the  computational  results  for  the  complete  TCA  model  provide  valuable  aerodynamic  performance 
predictions  for  which  no  experimental  data  presently  exist  within  the  HSR  program.  Though  not 
presented  in  this  paper,  the  validity  of  the  computational  results  for  the  truncated  TCA  model,  extracted 
from  the  complete  TCA  numerical  simulation,  have  been  fully  addressed  through  a set  of  separate 
numerical  analysis  representing  the  actual  sting-mounted  truncated  TCA  model.  The  latter  analysis 
is  included  in  the  final  NASA  Controlled-Distribution  form  publication  which  is  presently  being 
reviewed. 
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Selected  Computational  Flow  Matrix, 
Supersonic  Cruise  Mach  = 2.4 


Preliminary  analysis  of  the  available  experimental  data  from  UPWT  was  conducted  to  identify  the 
conditions  for  the  present  numerical  investigation.  This  chart  shows  the  selected  computational  matrix 
for  the  longitudinal  (an  alpha  sweep  at  zero  sideslip)  and  lateral/directional  (a  beta  sweep  at  zero  alpha) 
aerodynamic  analysis  at  the  design  supersonic  cruise  Mach  number  of  2.4. 
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Computational  Grid  Domain  for  the  Complete  TCA 


A grid  sensitivity  analysis  was  conducted  to  study  the  effect  of  grid  resolution  on  solution  convergence 
and  the  aerodynamic  performance  predictions.  This  analysis  indicated  that  the  baseline  grid,  consisting 
of  about  670,000  cells,  was  sufficient  to  simulate  the  in  viscid  flow  about  the  complete  TCA  configuration 
with  the  same  degree  of  accuracy  as  the  solutions  obtained  on  a grid  that  was  twice  as  fine  (i.e.,  about 
1.3  million  cells).  The  degree  of  solution  accuracy  between  the  baseline  and  the  fine  grid  was  assessed 
for  the  surface  and  off-surface  flow'  characteristics  as  well  as  the  integrated  forces  and  moments  across 
the  examined  range  of  angle-of-attack  (i.e.,  -3.5,  0,  3.5,  6,  and  8 degree).  Though  not  included  in  this 
paper,  the  complete  results  and  analysis  from  this  grid  sensitivity  study  are  included  in  a NASA 
Controlled-Distribution  report  which  is  currently  being  reviewed  for  publication. 

The  above  figure  shows  the  farfield  boundary  faces  for  the  computational  domain  and  the  grids  in 
the  configuration  plane-of-symmetry.  The  computational  domain  farfield  boundary  dimensions  are 
also  shown  in  the  above  figure  as  multiples  of  the  wing  mean  aerodynamic  chord  (Z  ).  It  should  be  noted 
that  this  grid,  and  in  particular  the  upstream  farfield  boundary  extension,  was  defined  in  such  a way  that 
it  could  be  used  to  compute  the  flow7  at  both  supersonic  as  well  as  transonic  speeds. 
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Computational  Surface  Grid  for  the  Complete  TCA 


This  chart  shows  the  lower  surface  view  of  the  computational  grid  and  a close-up  view  of  the  surface 
triangles  around  the  nacelles.  The  baseline  computational  grid  consisted  of  about  60,000  surface  triangles 
to  discretize  one-half  of  the  complete  TCA  numerical  model.  Complementary  to  the  experimental  test, 
the  interior  surfaces  of  the  nacelles  are  modelled  to  simulate  flow  through  propulsion  effects. 
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Computational  Methodologies 
— TetrUSS  — 

Developed  at  NASA  Langley  Research  Center 

• GridTool 

o CAD > Suface  patch 

o NonUniform  Rational  B-Spline  (NURBS) 

• VGRID 

o Surface  patch > Surface/volume-tetrahedral  mesh 

o Advancing  F ront  T echnique 

• USM3D 

o Upwind-biased,  cell  center,  finite  volume  approach 
o Implicit  time  integration  (Gauss-Siedel) 
o Convergence  acceleration  with  local  time  stepping 
o Flux  Difference  Splitting  approach  (Roe’s  scheme) 

• VPLOT3D 

o Solution  postprocessing  (Not  used  in  this  study) 


This  chart  shows  the  salient  features  of  the  computational  methodology,  known  as  TetrUSS,  which  is 
being  evaluated  in  the  present  analysis,  TetrUSS  package  includes:  GridTool,  to  discretize  primarily  the 
surface  geometry;  VGRID,  to  generate  flow  field  grids;  USM3D,  to  solve  the  flow;  and  VPLOT3D,  to 
postprocess  the  solutions  (not  used  in  the  present  analysis). 
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Convergence  Characteristic?  and  Typical  Method  Performance  for  Complete  TCA 

Supersonic  cruise  configuration;  3 -(f,  M„=2.4 


Typical  solution  attributes: 

Took  about  1/2  hrs  of  Cray  C-90 
Requires  about  120MW  of  memory 
-95-  All  solutions  based  on  2nd  order  FDS 
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This  chart  shows  the  solution  convergence  characteristics  for  the  complete  TCA  configuration, 
using  the  baseline  grid,  across  the  examined  range  of  angles-of-attack.  A typical  solution 
convergence  for  the  longitudinal  analysis  is  achieved  with  about  150  iterations  where  the  total 
residuals  are  dropped  by  approximately  3 to  4 orders  of  magnitude  and  reduced  the  oscillations 
in  lift  and  drag  coefficients  to  a negligible  level.  All  computations  are  performed  on  the  Cray-C90 
class  computer  with  a typical  case  requiring  about  120-MegaWords  of  memory  and  about  1/2-CPU 
hours  to  achieve  the  above  nominal  convergence  characteristics.  All  solutions  are  based  on 
second-order,  flux-difference-splitting  (FDS2)  algorithm. 
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— Results  & Discussion  — 

Longitudinal  analysis 

• Typical  flow  features 

- Surface  pressure  contours 

- Correlation  with  PSP  data 

- Off-surface  flow  structures 

• Force  & moment  analysis 

- Drag  correction  to  Euler  predictions 

- Correlation  with  data 

Lateral/directional  analysis 

• Typical  surface  pressure  contours 

• Forces  & moments  predictions  - correlation  with  data 


Longitudinal  aerodynamic  analysis  is  presented  next  which  includes  results  for  typical  flow  features 
followed  by  integrated  forces/moment  analysis  and  correlations  with  experimental  data. 
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Surface  Cp  Prediction  for  the  Complete  TCA  Configuration 

Flow  through  propulsion  cruise  geometry;  Alpha=3.5^  Mach=2.4 


Ghaffari/LaRC 


Typical  surface  Cp  distributions  computed  for  the  complete  TCA  configuration  are  shown  here  from 
two  different  vantage  points.  The  computed  lower  surface  Cp  distribution  can  be  characterized  by  the 
flow  compression  around  the  nose  apex  region,  the  inboard/outboard  wing  leading  edges  and  a complex 
shock  wave  structure  around  the  engine  nacelles.  The  shock  waves  are  emanated  from  both  the  inboard 
and  the  outboard  leading-edges  of  the  nacelle  diverters.  The  upper  surface  Cp  contours  reveal  a fairly 
benign  distribution  over  the  forebody  and  a region  of  flow  expansion  that  runs  parallel  to  the  inboard 
wing  leading-edge  which  extends  onto  the  wing  outboard  panel.  The  upper  surface  Cp  distribution  also 
indicates  a slight  flow  expansion  around  the  leading  edges  of  the  outboard  wing,  along  with  a region  of 
compression  around  the  horizontal-tail  leading-edges. 
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Surface  Cp  Prediction  for  the  Complete  TCA  and  Correlation  with  PSP 
Unstructured  Grid  Method  (TetrUSS);  M = 2.4,  Alpha  = 3.5°  Rft  = 4xl06 


A limited  amount  of  Pressure  Sensitive  Paint  data  were  acquired  on  the  truncated  TCA  model  during  the 
UPWT  test.  Typical  PSP  data  obtained  over  the  wing  lower-surface  of  the  TCA  supersonic  cruise 
configuration  (i.e.,  no-control  surface  deflection)  at  3.5  degree  angle-of-attack  and  Mach  number  of  2.4  is 
presented  on  the  left  hand-side  of  the  above  figure.  Complementary  to  the  PSP  results,  the  surface  Cp 
computed  for  the  same  configuration  and  flow  conditions  is  shown  from  the  same  vantage  point  on  the  right 
hand-side.  The  computational  result  is  actually  extracted  from  the  same  numerical  solution  that  was  shown 
in  the  previous  figure,  except  the  pressure  range  and  the  corresponding  color  map  have  been  changed  to 
match  that  of  the  PSP  data.  The  results  indicate  that  the  two  main  flow  features  highlighted  by  a region  of 
flow  compression  under  the  wing  outboard  section  as  well  as  the  complex  shock  wave  structures  around  the 
nacelles  have  been  predicted  reasonably  well.  Note  that  the  diffusive  nature  of  the  PSP  shock  waves  which 
are,  in  general,  located  further  upstream  than  those  of  the  predictions  are  attributed  to  the  lack  of  viscous 
modelling  in  the  present  Euler  numerical  analyses. 
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Typical  off-surface  flow  features,  highlighted  by  Mach  number  variation  in  a cross-flow  & streamwise 
planes,  in  conjunction  with  the  surface  Cp  distribution  are  shown  in  this  chart  for  the  complete  TCA 
configuration.  To  accentuate  the  flow  features  in  & around  the  nacelles,  the  Mach  number  variation  in 
both  the  cross-flow  & streamwise  planes  are  contoured  over  a compressed  range  of  2.3  to  2.4.  Over  this 
contour  range,  the  Mach  numbers  exceeding  2.4  (i.e.,  free-stream  cruise  Mach)  are  shown  in  white,  while, 
Mach  numbers  below  2.3  are  shown  in  black  color  indicating  a slower  moving  flow  relative  to  the 
free-stream. 

The  Mach  variation  in  the  cross-flow  plane,  longitudinally  located  slightly  aft  of  the  engine  inlets,  indicates 
a speed  range  in  excess  of  the  free-stream  cruise  Mach  for  essentially  the  entire  upper  surface  and  a 
region  between  the  two  inboard  nacelles.  The  Mach  variation  in  the  cross-flow  plane  also  indicates  a 
compression  region  wrapped  around  the  outboard  nacelles  and  an  extension  toward  the  outboard  wing 
leading-edges.  Furthermore,  the  off-surface  extension  of  the  shock  waves  emanated  from  the  inboard 
nacelle  diverter  (i.e.,  inboard  legs  close  to  the  configuration  plane-of-symmetry)  is  also  shown  to  bend 
outboard  and  impinge  on  the  exterior  side  of  the  inboard  nacelles. 

The  Mach  variation  in  the  streamwise  plane  (parallel  to  the  configuration  plane-of-symmetry),  located 
at  a station  that  roughly  cuts  through  the  starboard  mid-outboard  nacelle  is  presented  in  the  upper  left 
of  the  figure.  The  Mach  variation  clearly  shows  a region  of  flow  compression  around  the  wing 
leading-edge  followed  by  another  one  just  ahead  of  the  nacelle  inlet.  The  outboard  nacelle  interior  flow 
structure  reveals  a series  of  shock  waves  that  bounce  back  and  forth,  creating  regions  of  flow  expansion 
and  compression  on  the  interior  surfaces  of  the  nacelle. 
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Drag  Correction  Approach  to  the  Euler  Drag  Prediction 

Truncated  TCA  supersonic  cruise  configuration,  M„=2.4 


III  general,  there  are  two  aerodynamic  phenomena  contributing  to  the  total  drag  (CD)  force  exerted 
on  an  airborne  vehicle,  the  viscous  (or  the  skin  friction)  component  (CD  ) and  the  pressure  drag 
(or  the  drag-due-to-lift  or  vortex  drag)  component  (C^y  p ).  In  supersonic  flow,  the  pressure 
drag  consists  of  both  the  drag-due-to~lift  (CD  ^ and  the  wave  drag  (CD  w)  components.  Hence, 


CD  = 


CD,f+ 


CD.P= 


CD,f+CD,l+CD,w 


Conventional  approach  is  taken  to  correct  the  drag  coefficients  predicted  by  the  present  Euler 
analysis  to  account  for  the  viscous  component  of  the  total  drag  coefficient.  This  correction  is  required 
primarily  due  to  the  inviscid  nature  of  the  present  Euler  analysis  and  the  inherent  limitation  of  the 
corresponding  equations  to  only  predict  the  pressure  components  of  the  total  drag.  This  conventional 
approach  is  based  on  determining  the  total  drag  coefficient  at  zero  lift  (i.e.,  C[y0)  using  the  experimental 
drag  polar  curve.  This  approach  is  adopted  and  the  Cd,0  determined,  as  shown  in  the  above  plot, 
to  be  98.94  drag  counts.  However,  the  determined  Cd,o  is  not  only  the  drag  contribution  due  to 
viscosity  but  it  also  includes  the  wave  drag  component.  In  an  effort  to  isolate  the  wave  drag 
component  from  the  determined  Cu)0  , an  Euler  solution  was  obtained  at  an  angle-of-attack  of  0.2 
which  was  found  to  correspond  to  the  experimental  zero-lift  data.  It  is  assumed  that  the  pressure  drag 
coefficient  predicted  by  the  Euler  method  is  solely  the  wave  drag  component  with  no  contribution  from 
drag-due-to-lift.  The  resulting  wave  drag  coefficient  is  computed  to  be  31.27  counts.  As  a result, 
the  skin  friction  contribution  to  the  total  drag  can  now  be  determined  by  subtracting  the  computed 
wave  drag  at  zero  lift  from  the  determined  Cp  0 as  shown  in  the  above  figure.  The  skin  friction 
coefficient,  found  to  be  67.67  counts  (assumed  to  remain  constant  with  both  the  angle-of-attack  and 
sideslip  angle)  is  used  to  correct  all  the  drag  coefficient  predictions  in  the  present  Euler  analysis. 
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Computed  Euler  and  Measured  Longitudinal  Aerodynamics  for  the  TCA 

Flow  through  propulsion  cruise  geometry;  Mm  = 2.4,  (3  = 0°,  Ra  = 4x10' 


a,  deg 


USM3D  f ♦ 
(FDS2)  \ —A.— 


Truncated  TCA 
Complete  TCA 


Experiment 

(LaRC  UPWT)  O Truncated  T CA 


The  computed  longitudinal  aerodynamic  characteristics  are  presented  here  for  both  the  complete 
and  the  truncated  TCA  configuration,  along  with  the  measured  experimental  data  for  the  truncated 
TCA  model  at  supersonic  cruise  Mach  number  of  2.4.  The  results  for  the  computed  lift  coefficients 
clearly  indicate  minimal  effects  due  to  the  additional  empennage  loads  at  3.5°  alpha  (i.e.,  close  to  the 
confi guration  design  cruise  angle-of-attack).  However,  as  expected  for  off-design  angles-of-attack, 
the  additional  load  from  the  presence  of  the  empennage  on  lift  becomes  more  pronounced,  i.e.,  increase 
in  CL  for  alpha  > 3.5°  and  decrease  in  Cl  for  alpha  < 3.f>\  Although  the  latter  effects  on  CL  are 
relatively  small,  the  corresponding  impact  on  the  pitching  moment  is  considerable  due  to  the  long 
moment  arm.  The  results  indicate  that  the  additional  load  from  the  empennage  presence  to  be  minimal 
at  the  design  cruise  angle-of-attack  of  3.^,  cause  a pitch  down  for  alpha  > 3.^,  and  cause  a pitch  up  for 
alpha  < 3.5°.  Furthermore,  the  empennage  load  increments  on  the  computed  drag  coefficients  appear 
to  be  small  over  the  examined  range  of  flow  conditions. 

The  correlation  between  the  predictions  and  the  experimental  data  for  the  truncated  TCA 
configuration  indicate  good  agreement  for  the  pitching  moment,  lift  and  drag  coefficients  across 
the  examined  angle-of-attack  range. 
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— Results  & Discussion  — 


Longitudinal  analysis 

• Typical  flow  features 

- Surface  pressure  contours 

- Correlation  with  PSP  data 

- Off-surface  flow  structures 

• Force  & moment  analysis 

- Drag  correction  to  Euler  predictions 

- Correlation  with  data 

Lateral/directional  analysis 

• Typical  surface  pressure  contours 

• Forces  & moments  predictions  - correlation  with  data 


Lateral/directional  aerodynamic  analysis  is  presented  next  which  includes  results  for  typical  surface 
pressure  contours  followed  by  integrated  forces/moments  and  correlations  with  experimental  data. 
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Surface  Cp  Prediction  for  the  Complete  TCA  Model 

U 0 

Flow  through  propulsion  cruise  geometry,  Alpha  =0,  Beta=3,  M=2.4 


Typical  upper  & lower  surface  Cp  contours  computed  at  a finite  sideslip  angle  are  shown  in  this  figure 
from  similar  vantage  points  and  contour  range  consistent  with  the  earlier  results  presented  for  the 
longitudinal  analysis.  The  results  clearly  show  the  expected  asymmetrical  load  distribution  on  both  the 
upper  and  lower  surface.  The  lower  surface  pressure  contours  indicate  a region  of  expansion  (Cp  — 0.2) 
that  runs  roughly  parallel  to  the  starboard  leading-edge  of  the  inboard  wing,  whereas,  the  pressure 
contours  around  the  port-side  leading-edge  of  the  inboard  wing  show  a fairly  benign  attached  flow 
condition.  The  upper  surface  Cp  contours  indicate  a uniform  distribution  over  the  majority  of  the  wing 
with  a narrow  band  of  compression  along  the  starboard  leading-edge  of  the  inboard  wing  which  expands 
over  onto  the  outer  wing  panel.  In  addition,  the  computed  upper  surface  pressure  contours  over  the 
horizontal  tails  also  show  a large  region  of  compression  just  aft  of  the  leading  edges,  particularly  on  the 
starboard  side. 
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Computed  Euler  and  Measured  Aerodynamic  Forces  at  Sideslip  for  the  TCA 

Row  through  propulsion  for  cruise  geometry;  a = 0°,  Mm  = 2.4,  = 4 x 10* 


0,05 


C 

v-  v 


OCA 


- . 


A...  -^3* 
" 4.^ 

4 


USM3D  f 

• * 

Truncated  TCA 

(FDS2)  \ 

—A— 

Complete  TCA 

Experiment 

(LaRC  UPWT) 

u 

Truncated  TCA 

em 


***** 


0.00 

c 

•C  I #** 


C>fC-1 


JD.CCl 


O 


-3.0 

00 

3.0  C'O 

0.0115  r L — 

One  drag  count 

,oo°' 

jO'A*- 

• 

r. . oocp  Q 
t'O  o 

4 > * . 

o 

oo 

'*-K 

0 0 MO  4- 

CD  I ’ * " * - 

-A-  --■* 

A 

...A'" 

^A 

* * 

A - -4---- A- 

A A. 

'A 

i _ 

'2s  0 

0.0 

6.0 

A0  3 0 

0.0 

30 

60 

P.deg 

Gliilffari/LiiRC 

The  overall  aerodynamic  force  characteristics  computed  for  the  complete  TCA  configuration  across 
the  examined  range  of  sideslip  angles  at  zero-degree  angle-of-attack  and  supersonic  cruise  Mach  number 
of  2.4  are  shown  in  this  figure.  The  experimental  data  for  the  truncated  TCA  model  along  with 
complementary  results  extracted  from  the  full  TCA  numerical  simulation  (i.e.,  with  appropriate 
component  integration  to  only  account  for  the  truncated  TCA  geometry)  are  also  included  in  the  figure. 
Note  the  small  scales  in  these  plots,  particularly  in  the  measured  lift  coefficients  which  clearly  illustrate 
the  scattering  of  the  data,  as  a function  of  sideslip  angle,  contributing  to  the  overall  asymmetrical  lift 
distribution  about  the  zero-degree  sideslip  angle  (i.e.,  positive  and  negative  sides). 

The  predicted  side-force  coefficients  for  the  truncated  TCA  configuration  are  in  excellent  agreement 
with  the  experimental  data,  both  in  terms  of  magnitude  and  trends,  across  the  examined  range  of  sideslip 
angles.  In  general,  the  sideforce  coefficients  vary  in  a fairly  linear  fashion  with  sideslip  angle  and  the 
corresponding  change  in  the  slope  for  the  complete  TCA  configuration  can  mainly  be  attributed  to  the 
asymmetrical  load  distribution  on  the  vertical-tail. 

The  computed  lift  coefficients  for  the  truncated  TCA  configuration  correlate  very  well  with  the 
measured  data  across  the  examined  sideslip  range.  The  presence  of  the  empennage  also  appears  to  cause 
a nearly  constant  decrease  to  the  overall  lift  coefficient  for  all  the  sideslip  angles  considered  in  the  present 
study. 

Similar  to  the  lift  coefficients,  the  computed  drag  coefficients  for  the  truncated  TCA  configuration  also 
correlate  very  well  with  the  experimental  data  and  that  the  empennage  presence  cause  nearly  a constant 
increase  in  the  overall  drag  coefficients  (~  7 drag  counts)  across  the  examined  sideslip  angles. 
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Computed  Euler  and  Measured  Aerodynamic  Moments  at  Sideslip  for  the  TCA 
Flow  through  propulsion  cruise  geometry;  a = O'5,  = 2.4,  = 4 x 106 


The  computed  and  measured  aerodynamic  moment  characteristics  for  the  truncated  TCA  configuration 
across  the  examined  range  of  sideslip  angles  are  presented  in  this  figure.  Complementary  numerical 
predictions  for  the  complete  TCA  configuration  are  also  included  for  comparison.  In  general,  there  is 
an  excellent  correlation  between  the  numerical  predictions  and  the  measured  data  for  the  aerodynamic 
moment  characteristics  of  the  truncated  TCA  configuration  across  the  examined  range  of  sideslip  angles. 

As  expected,  the  aerodynamic  moments  predicted  for  the  complete  TCA  configuration  clearly  indicate  a 
dramatically  different  characteristics  than  those  of  the  truncated  TCA  model.  These  differences  in  the 
moment  characteristics  are  primarily  due  to  the  presence  of  the  empennage  components.  For  example, 
the  results  indicate  a sign  reversal  in  the  yawing  and  rolling  moments  which  can  primarily  be  attributed 
to  the  presence  of  the  vertical  and  horizontal  tails.  Furthermore,  the  pitch-up  moment  characteristics  for 
the  complete  TCA  configuration  can  be  mainly  be  attributed  to  the  negative  load  contributions  due  to  the 
empennage  presence.  It  should  also  be  noted  that  the  asymmetrical  lift  distribution  in  the  measured  data, 
for  positive  and  negative  sideslip  angles  discussed  in  the  previous  chart,  is  the  primary  cause  of  the 
nonlinearities  in  the  rolling  moment  distribution.  Such  nonlinearities  in  the  measured  rolling  moment 
distribution  are  evident  as  they  deviate  from  a fairly  linear  character  of  the  computed  results,  in  particular, 
around  zero  and  the  positive  sideslip  range. 
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— Concluding  Remarks  — 


• TCA  longitudinal  aerodynamic  characteristics  for  supersonic 
cruise  are  accurately  predicted  by  the  present  unstructured 
grid  Euler  method 

• TCA  lateral/directional  aerodynamic  predictions  agree  very 
well  with  experimental  data 

• Predicted  nacelles  shock-wave  structures  correlate  reasonably 
well  with  Pressure  Sensitive  Paint  data 

• Computational  method  produced  consistent  results  across  the 
examined  range  of  conditions  without  any  convergence 
difficulties 

• Completed  the  documentation  - Presently  being  reviewed 


What’s  next? 


The  numerical  results  clearly  demonstrate  that  the  present  unstructured  grid  Euler  method  is  a viable 
tool  that  can  be  used,  with  confidence,  for  the  aerodynamic  analysis  of  the  high-speed-civil-transport 
class  of  vehicle  in  the  early  configuration  design  cycle.  The  present  analysis  also  indicates  that  the  method 
is  robust  and  produces  consistent  solutions  across  the  examined  range  of  flow  conditions  without  any 
convergence  difficulties.  Where  would  we  like  to  go  next  from  the  present  Euler  analysis? 


Well,  to  Navier-Stokes  flow  simulation. 
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The  lessons  learned  from  the  present  Euler  analyses  were  used  to  extend  the  computations  to  simulate 
the  viscous  flow  over  the  same  configuration  for  cruise  conditions.  Advancing-Iayers  method  was  used 
to  add  grids  in  the  viscous  region  to  resolve  the  boundary-layer  flows.  This  effort  has  already  been 
initiated  and  preliminary  results  indicate  good  correlations  with  experimental  data.  A representative 
result  for  the  computed  wing  lower-surface  pressure  distribution  is  shown  here  to  complement  the 
present  Euler  analysis.  The  Navier-Stokes  result  clearly  show  an  improvement  over  the  Euler  flow 
predictions  for  simulating  the  shock  waves  around  the  nacelles.  Also  note  that  the  viscous  effects 
appear  to  have  minimal  impact  on  other  regions  of  the  wing  lower— surface  pressure  distribution. 
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- Future  directions 
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Motivation  for  Investigating  USG  Methodology 


The  carrot: 

- Earlier  use  of  advanced  CFD  codes  in  design  process 

- Reduced  Design  Cycle  Time 

Approach: 

- Investigate  unstructured-grid  (USG)  CFD  methodology 

- Exploit  flexibility  of  tetrahedral  cells 

Immediate  benefits: 

- Viscous  & inviscid  grids  generated  in  days  by  non-specialists 

- Accurate,  robust  flow  solvers 

Challenges: 

- More  computer  memory  intensive  than  structured-grid  methods 

- Confidence  in  Navier-Stokes  solution  on  tetrahedral  cells 

- Limited  experience  base 
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HSR  Configuration  Aerodynamics  4.3.1  - Subtask  1 

NASA  LaRC 


Milestone:  MS  4-2:  Rigid  Full  Configuration  F&M  (6/1/97) 

- Assess  inviscid  and  viscous  USG  CFD  for  TCA  W/B/N/D/E 
at  supersonic  cruise  conditions 

- Comparisons  with  F&M  with  TCA  wind  tunnel  data  from  MS  3-8 

Approach: 

- Apply  the  TetrUSS  unstructured-grid  codes  to  compute  full  TCA 
configuration  Navier-Stokes  solutions 

- Compare  to  PSP,  surface  Cp,  and  F&M  data  from  NASA  UPWT 
for  truncated  TCA  W/B/N/D  configuration 
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TetrUSS  is  a loosely  integrated  set  of  software  forming  a complete  aerodynamic  analysis 
package.  The  primary  components  of  TetrUSS  are  GridTool,  VGRIDns,  USM3Dns,  and 
VIGPLOT.  Other  codes  have  been  adapted  within  the  system  by  various  users  as 
evidenced  by  the  additional  software  listings  on  the  slide. 

The  process  begins  with  geometry  setup  which  is  performed  by  the  GridTool  code. 
GridTool  reads  in  the  surface  geometry  from  various  sources,  e.g.  IGES,  PLOT3D, 
GRIDGEN,  etc.  on  which  mathematical  surface  patches  are  constructed.  The  user  also 
prescribes  cell-spacing  information  by  way  of  source  elements.  A VGRIDns  input  file  is 
output  along  with  boundary  condition  information.  VGRIDns  then  generates  a triangular 
surface  grid  and  tetrahedral  volume  grid  on  which  the  flow  solution  is  obtained  with 
USM3Dns.  The  solution  is  analyzed  graphically  with  the  VIGPLOT  code. 

The  system  can  solve  both  the  Euler  and  Navier-Stokes  equations,  and  has  additional 
useful  engineering  capabilities  such  as  interactive  boundary  layer,  aeroelasticity,  design, 
and  propulsion  boundary  conditions. 

More  details  are  presented  for  VGRIDns  and  USM3Dns  in  the  next  few  slides. 


313 


VGRID/VGRIDns  - Salient  Features 


• Inviscid  Grids  (VGRID) 

O Tetrahedral  Unstructured  "Euler"  grids 
O Based  on  the  Advancing-Front  Method  (AFM) 

O Elliptically  smooth  grids 
O Restart  capability 

O Local  remeshing  (POSTGRID) 

• Viscous/lnviscid  Grids  (VGRIDns) 

O Thin-layer  tetrahedral  "Navier-Stokes"  and  "Euler"  grids 
O Based  on  the  AFM  and  Advancing-Layers  Method  (ALM) 
O Anisotropic  grid  stretching 


This  slide  lists  the  salient  features  of  the  VGRID/VGRIDns  tetrahedral  grid  generator. 
VGRID  is  the  prior  "inviscid"  version,  whereas  VGRIDns  is  an  extended  version  which 
includes  a thin-layered  ’viscous’  grid  generation  capability. 

Two  very  important  advances  within  VGRIDns  is  the  "Advancing-Layers  Method"  (ALM) 
and  multi-directional  anisotropic  stretching.  More  information  on  these  two  features  are 
described  in  the  following  slides. 
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Inherent " Structure " of  Thin-Layered  Tetrahedral  Grids 


The  requirements  for  ’viscous’  grid  generation  are 

1)  highly-stretched  tetrahedral  to  resolve  the  boundary  layer 

2)  precise  control  of  normal  point  distribution 

3)  smooth  transition  to  isotropic  grid  outside  of  boundary  layer 

4)  accommodate  sharp  comers  and  cavities,  and  ’close’  surfaces 

5)  retain  the  flexibility  and  automation  of  the  classic  Advancing-Front  Method. 

Thin-layered  Navier-Stokes  grids  are  generated  by  a new  approach  called  the 
Advancing— Layers  Method  (ALM)  as  illustrated  in  this  slide.  Once  a surface 
triangulation  has  been  generated,  direction  vectors  are  determined  along  which  the 
viscous  layers  are  advanced.  The  distribution  of  points  along  these  vectors  is  dictated 
by  a user-prescribed  stretching  function.  The  resulting  layers  consist  of  well-ordered 
layers  of  tetrahedral  cells  as  depicted  in  the  figure.  Within  each  "layer"  are  three 
tetrahedral  cells.  Each  layer  of  cells  will  march  outward  until  it  is  told  to  stop  by  the 
global  background  grid,  or  if  it  is  about  to  collide  with  an  approaching  front.  The  entire 
process  is  fully  automatic  and  robust. 
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Unstructured  flow  solvers  require  relatively  large  memory  compared  to  structured-grid 
codes  due  to  their  general  indexing  data  structure.  Thus,  keeping  grid  sizes  to 
manageable  levels  become  a major  issue  for  addressing  viscous  problems.  The  use  of 
classic  omni-directional  clustering  with  isotropic  cells  is  a very  inefficient  utilization  of 
cells  because  of  excessive  clustering  in  regions  of  low  gradients.  Our  experience  has 
been  that  attempting  to  solve  the  Navier-Stokes  equations  on  complex  geometries  with 
isotropic  surface  grids  is  impractical  on  most  current  computers. 

This  limitation  has  been  overcome  with  multi-directional  anisotropic  stretching.  For 
example,  on  the  Generic  High-Speed  Configuration  in  the  slide,  the  upper  figure 
illustrates  isotropic  clustering  near  the  leading-  and  trailing-edges.  (This  figure  shows 
the  surface  triangulations  on  a double-delta  wing  and  cylindrical  fuselage,  and  the 
volume  tetrahedra  intersected  by  a plane  cutting  through  the  wing  and  fuselage.)  Note 
the  desirable  chordwise  clustering  at  the  leading  edge,  but  an  undesirable  spanwise 
clustering  along  the  leading  edge.  The  result  is  a large  grid  with  over  2.5  million  cells.  In 
the  lower  figure,  cell  stretching  is  applied  along  the  wing  edges  and  fuselage.  This 
results  in  a factor  of  3 reduction  in  cells  while  retaining  the  cell  clustering  in  the  critical 
directions.  Our  experience  has  been  that  there  is  no  noticable  degradation  of  solution 
accuracy  if  proper  stretching  is  utilized.  This  feature  has  had  a major  impact  on  opening 
the  way  toward  practical  computation  of  unstructured-grid  Navier-Stokes  solutions  on 
complex  geometries. 
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USM3Dns  - Salient  Features 


• Tetrahedral  cell-centered,  finite  volume 


• Time  integration: 

O Implicit  Point  GS  & Explicit  RK 
O Local  time  stepping  convergence  acceleration 

• Euler  and  Navler-Stokes 

o Spalart-Allmaras  turbulence  model  with  Wall  Function 

• Upwind  flux  functions 

o Roe’s  Flux  Difference  Splitting 
O Van  Leer’s  Flux  Vector  Splitting 
O Superbee  and  MinMod  flux  limiters 

• Computer  resources: 

O Memory:  Implicit  - 175  words/cell,  Explicit  - 45  words/cell 
O CRAY  Multitasking:  Efficiency  of  6 out  of  10  processors 
O Workstation:  SUN,  SGI,  HP,  Convex 

• Parallel  processing  with  zonal  grids  (under  testing) 


The  salient  features  of  USM3Dns  are  listed  in  this  slide.  It  is  important  to  note  that 
USM3Dns  is  a tetrahedral  cell-centered  scheme  where  the  tetrahedral  cell  forms  the 
underlying  computational  element.  This  is  in  contrast  to  most  unstructured— grid  work 
which  utilizes  a node  or  vertex  based  approach  where  the  unknowns  are  computed 
within  computational  elements  surrounding  the  nodal  locations.  This  distinction  is 
important  since  a given  grid  has  between  5 and  5.5  more  tetrahedra  than  nodes.  Thus, 
for  comparable  spatial  resolution,  a tetrahedral  node— centered  scheme  will  require  a 
’finer1  grid  than  a tetrahedral  cell-centered  scheme. 


Another  important  feature  of  USM3Dns  is  the  use  of  a wall  function  which  is  coupled 
with  the  Spalart-Allmaras  turbulence  model.  The  wall  function  eliminates  the  need  to 
grid— resolve  the  near— wall  region  of  the  boundary  jayer,  thereby  reducing  memory 
requirements  and  decreasing  solution  stiffness  which  impedes  convergence. 

USM3Dns  has  also  been  multitasked  for  the  Cray  supercomputers  and  yields  a 
substantial  reduction  in  wallclock  time  for  a solution.  Work  is  near  comp  etion  on  a 
version  of  USM3Dns  for  parallel  processing  machines  and  loosely  coupled 
workstations. 
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Characteristics  for  TCA  W/B/N/D/E  TetrUSS  Results 


• Thin-Layer  Tetrahedral  Grid 

O 1 ,404,234  cells  (789,396  cells  in  ’viscous’  layer) 

O Approx.  1 8 tetrahedra  across  mid-chord  BL 

• Flow  conditions 

O Mach=2.4,  cc=3,  3.5,  & 4 deg.,  Rec=6.4  million 

• Flow  model 

O Full  Reynolds-averaged  Navier-Stokes 
O Spalart-Allmaras  turbulence  model 
O Wall  function  with  y+  = 50 

• Resource  requirements 

O Initial  grid  generation  time:  7 to  10  days  (est.) 

- modifications,  e.g.  relocating  nacelle:  —1/2  to  1 day 
O Flow  solution  time:  22  Cray  C90  hours 
(4  hours  wall-clock  with  multitasking) 

O Memory:  250MW 


The  characteristics  of  the  following  TCA  solution  results  are  listed.  A grid  of  1 .4  million 
tetrahedra  surrounds  the  entire  TCA  W/B/N/D/E  configuration  with  over  one-half  of  the 
cells  residing  in  the  ‘viscous’  layer.  By  using  the  wall  function,  the  grid  was  sized  to  have 
approximately  18  tetrahedra  across  the  mid-chord  boundary  layer  with  the  first  node  off 
of  the  surface  placed  at  a y+  of  50.  The  wall  function  is  utilized  to  determine  the  wall 
viscous  stresses  used  by  the  numerical  scheme  for  solving  the  Navier-Stokes  equations. 

Supersonic  solutions  were  run  for  three  angles  of  attack  at  a wind-tunnel  Reynolds 
number.  Each  solution  was  turned  around  in  4 hours  wallclock  time  on  the  NAS  Cray 
C90,  once  the  job  execution  commences.. 
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This  slide  shows  the  surface  and  symmetry  plane  triangulation  for  the  configuration. 
Note  the  thin-layer  viscous  clustering  along  the  fuselage/symmetry  plane  boundary. 
The  nacelles  were  modeled  as  open  flow-through  channels  as  was  constructed  on 
the  wind-tunnel  model. 
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More  detail  is  shown  for  the  viscous  tetrahedral  grid  on  the  TCA  W/B/N/D/E.  The  view  is 
looking  aft  along  the  under  surface  of  the  wing.  The  background  are  volume  tetrahedra 
intersected  by  a plane  cutting  through  the  wing  and  nacelle/diverters.  Note  the 
thin-layered  tetrahedra  near  the  surface,  and  within  the  nacelle/diverter  gap  in  the  inset. 
Anisotropically  stretched  cells  are  also  evident  along  the  leading  edge. 
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Pressure  Contours  on  HSR  Technology  Concept  Airplane  (TCA)  W/B/N/D/E 
USM3Dns  Navier-Stokes,  S-A  Turb  Model  with  Wall  Function 
Mach=2.4,  c/=3.5°,  Rec=6.4  Million,  1.4  Million  Tetrahedra 


This  slide  displays  the  surface  pressure  contours  at  Mach=2.4  and 

angle-of-attack=3.5°.  Details  of  the  shock  interactions  between  the  nacelles  and  on 
the  empennage  are  shown  in  the  insets.  The  viscous  layers  are  evident  in  the 
symmetry  plane  grid. 

While  the  computations  were  performed  on  the  full  W/B/N/D/E  configuration,  a 
separate  force  and  moment  integration  was  also  obtained  on  the  truncated  geometry 
ahead  of  the  "blue"  section.  This  integration  corresponds  to  the  UPWT  Test  1671  TuA 
W/B/N/D  model  geometry.  Since  the  computation  was  performed  at  Mach=2.4,  the 
effect  of  the  empennage  will  not  be  felt  in  the  truncated  integration, 
thus,  enabling  direct  correlations  with  experiment  to  be  performed. 


321 


A qualitative  correlation  of  surface  pressure  is  shown  between  the  Navier-Stokes 
TetrUSS  solution  and  experimental  Pressure-Sensitive  Paint  (PSP)  data  obtained  from 
UPWT,  The  colors  of  the  PSP  data  are  modified  to  closely  match  that  from  the 
computations.  Note  that  the  shock  structures  in  the  Navier-Stokes  computation  is  in 
excellent  qualitative  agreement  with  the  PSP  data.  An  Euler  computation  result  is  also 
included  for  reference  to  illustrate  the  necessity  for  full  Navier-Stokes  modeling.  The 
Euler  result  exhibits  the  stronger  and  sharper  shock  structures  expected  for  inviscid 
flows. 
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This  slide  shows  four  longitudinal  Cp  distributions  at  span  stations  from  20-  to 
68-percent  semispan.  A comparison  with  an  established  structured-grid  code, 
OVERFLOW,  is  also  included.  The  general  agreement  of  the  computations  with 
experimental  data  are  good.  The  agreement  between  the  unstructured  USM3D  and 
structured  OVERFLOW  solutions  is  also  very  good.  This  figure  helps  to  establish  more 
confidence  in  the  relatively  new  unstructured  Navier-Stokes  methodology. 
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TCA  Forces  and  Pitching  Moment 
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This  slide  presents  a comparison  of  structured  and  unstructured  force  and  moment 
solutions  with  experimental  data  from  UPWT  Test  1671.  Examining  the  CL  vs.  alpha 
and  CL  vs.  CM  comparisons  first,  note  that  both  the  OVERFLOW  and  USM3D  results 
agree  very  well  with  each  other,  but  neither  agree  with  the  data.  It  has  been 
demonstrated  in  structured-grid  calculations  by  Boeing  Long  Beach  that  the 
disagreement  with  the  data  is  due  entirely  to  aeroelastic  effects.  Furthermore,  the 
effect  of  aeroelasticity  on  CL  vs.  CD  is  only  to  slide  the  data  point  along  the  curve. 
Thus,  comparisons  can  be  made  for  drag  using  the  present  rigid  configuration  results. 

The  force  and  moment  results  include  corrections  for  nacelle  base  pressure.  Trip-drag 
corrections  are  not  included  in  the  experimental  data,  but  are  added  to  the 
• computational  drag  by  two  approaches;  the  k and  k- squared  methods.  The 
configuration  drag  is  predicted  by  both  the  structured  and  unstructured  flow  solvers  to 
within  the  tolerance  of  the  trip-drag  correction.  The  USM3Dns  drag  estimate  falls 
directly  on  the  data  for  the  three  angles  of  attack  with  the  k- squared  correction, 
whereas  the  OVERFLOW  estimate  is  very  close  with  the  k correction. 
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Concluding  Remarks 


• Evaluated  the  TetrUSS  unstructured-grid  codes  for  the  Navier-Stokes 
analysis  of  full  TCA  W/B/N/D/E  at  supersonic  cruise  conditions 

- constructed  pure  tetrahedral,  viscous  grid  with  VGRIDns 

- solved  N-S  equations  with  wall  function  coupled  with  S-A 
turbulence  model 

- partial  integration  of  pressures  for  comparison  with  UPWT  data 

• Demonstrated  accuracy  and  robustness  for  tetrahedral-based  N-S 

- grid  generation  from  scratch  in  7 to  10  days 

- resource  requirements  and  accuracy  comparable  to  structured  code 

- good  agreement  with  PSP,  pressure,  and  F&M  data,  and  with 
OVERFLOW  structured-grid  code 


The  presented  results  have  demonstrated  the  strong  potential  of  the  unstructured 
Navier-Stokes  capability  of  TetrUSS  for  accurately  computing  the  force  and  moment 
characteristics  of  the  full  TCA  configuration.  The  primary  advantages  of  this  technology 
is  the  rapid  grid  generation  on  the  order  of  days,  and  modifications  within  hours. 
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Future  TetrUSS  Capabilities 


• Advanced  two-equation  turbulence  models 
(Started  Nov.  1 997) 

• Solution  adaptive  grids  (Started  Oct.  1997) 

• Aeroelastic  Navier-Stokes  (In  progress) 

• Customer  requested,  but  not  scheduled 

- low  Mach  number  preconditioning  (needed  soon) 

- incompressible 

- time  accuracy 

- moving  grids 

- wake  capturing 


Work  is  currently  underway  to  implement  linear  and  non-linear  k-epsilon  turbulence 
models  into  USM3Dns.  The  models  have  been  installed  and  are  undergoing  testing. 

Work  is  also  progressing  toward  a solution  adaptive  grid  capability.  While  initial  results 
are  forthcoming,  this  capability  should  mature  over  the  next  year. 

Progress  is  being  made  toward  aeroelastic  Navier-Stokes  capability.  The  missing 
piece  is  the  viscous  grid  movement  scheme.  More  will  be  said  about  this  on  the  next 
slide. 

There  have  been  a number  of  customer  requests  for  important  additional  capability 
which  have  not  been  pursued  due  to  limited  resources. 
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As  stated  in  the  previous  slide,  the  only  missing  component  in  the  TetrUSS 
aeroelastic  process  is  the  methodology  for  deforming  ‘viscous’  grids.  An  approach 
has  been  developed  which  permits  significant  arbitrary  movement  while  maintaining 
the  integrity  of  the  original  viscous  layers. 

This  is  illustrated  for  the  ONERA  M6  wing  in  the  slide.  The  volume  grid  is  visualized 
using  tetrahedra  intersected  by  a plane  which  intersects  the  midchord  of  the  wing. 
This  is  useful  for  the  qualitative  assessment  of  the  effects  of  deformation  on  the 
thin-layered  cells.  Note  that  for  the  wing  in  bending  or  arbitrary  deformation  the  cells 
are  well  behaved  and  of  high  quality.  This  advancement  is  relatively  new  and  will  be 
tested  with  USM3Dns  in  the  near  future. 
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Configuration  Aerodynamics  Technology  Development 

Session  2:  Viscous  Drag  Predictions  and  Testing  Methods 
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Configuration  Aerodynamics  Technology  Development 


Configuration  Aerodynamics  Technology  Development 

Testing  Methods:  ISSUES  AND  NEEDS 

• Assess,  improve,  control  wind  tunnel  data  accuracy 
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^ NASA  Ames  Research  Center 

Skin  Friction  Drag  Predictions:  SummanA 
of  CFD  Cross  Checks.  Winq/Boda 

Scott  Lawrence  and  Goetz  Klopfer 

NASA  Ames  Research  Center 


HSR  Airframe  Technical  Review 
Los  Angeles,  CA 
February  9-13, 1998 


/ 

Applied  Computational  Aerodynamic*  Branch 


A summary  of  skin  friction  drag  predictions  computed  for  the  TC  A 
and  three  optimized  wing /body  configurations  during  the  analytical 
cross-checks  exercise  is  presented. 
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AppHad  Computational  Aerodynamics  Branch 
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This  work  pertains  mainly  to  the  prediction  of  skin  friction  drag,  but 
also  involves  the  evaluation  of  CFD  methods  and  processes  for  skin 
friction  drag  prediction. 
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Introduction 

Basic  skin  friction  drag  questions:  Mean  and  Standard  Deviation 


V 


Identify  and  quantify  sources  of  skin  friction  variations  using  UPS  and 
OVERFLOW  codes 


Applied  Computational  Aerodynamic*  Branch 
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Lawrenc*  - HSfVCA:  Pago  3 


The  objective  of  the  present  study  was  to  address  the  questions  of:  1) 
how  reliably  or  consistently  the  Navier-Stokes  methods  and  processes 
used  by  the  various  organizations  can  predict  integrated  skin  friction 
drag,  and  2)  how  well  the  methods  can  predict  trends  within  a family 
of  optimized  configurations. 

As  a first  step,  all  available  skin  friction  drag  predictions  were 
accumulated  to  obtain  a mean  and  standard  deviation  for  the  TCA 
baseline  and  each  of  the  optimized  configurations.  It  is  observed  that 
the  optimization  process  has  had  little  effect  on  the  predicted  skin 
friction  drags.  The  variation  in  the  mean  that  is  observed  is  dwarfed  by 
the  standard  deviations. 

In  order  to  understand  the  reasons  for  the  relatively  large  spreads  in 
the  computed  results,  a number  of  auxiliary  computations  have  been 
performed  using  the  UPS  and  OVERFLOW  codes  in  an  effort  to 
identify  and  quantity  potential  sources  of  the  variations. 
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>-  Nomenclature 

- Turbulence  model: 

• BL:  Bafdwin-Lomax 

• SA92:  Original  Spalart-Allmaras 

• SA93:  Modified  S-A  (w / fv3  term) 

- Freestream  temperature,  Kelvin 
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All  of  the  solution  approaches  accounted  for  in  this  study  are  shown  in 
this  table,  along  with  two  well  known  flat  plate  methods.  Three 
turbulence  models  are  used  in  the  various  methods:  Baldwin-Lomax, 
the  original  Spalart-Allmaras  one-equation  model,  and  the  modified 
Spalart-Allmaras  model.  The  NASA  Ames  solutions  were  originally 
computed  with  an  erroneous  (with  respect  to  the  wind  tunnel  test) 
freestream  temperature. 
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Significant  Friction  Drag-Related  A 
Parameters 

»-  Grid 

- Surface-normal  grid  stretching  can  affect 

• Finite-difference  flow  solver  (OVERFLOW  needs  GF  = 1 at  wall) 

• Any  post-processor 

- Surface-normal  spacing  (y+ < 1) 

- Number  of  surface-normal  grid  points  in  boundary  layer  (30-40  pts) 

- Turbulence  model 
»-  Freestream  temperature 

J 
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During  our  experience  analyzing  these  types  of  configurations,  several 
numerical  parameters  affecting  predicted  skin  friction  drag  have 
become  evident.  These  include,  of  course,  a number  of  grid-related 
parameters,  such  as  stretching  factor  at  the  wall,  wall-normal  spacing  at 
the  wall,  and  total  number  of  grid  points  in  the  boundary  layer.  Of 
these,  only  the  first  will  be  discussed  at  any  length  in  this  paper.  The 
others  have  been  discussed  in  earlier  papers  and/or  are  well 
understood  and  the  methods  involved  in  this  study  were  fairly 
consistent  in  choosing  these  parameters. 

The  next  most  important  parameter  observed  in  these  computations  is 
the  choice  of  turbulence  model.  This  will  be  discussed  at  some  length 
here. 

Finally,  the  freestream  temperature  was  observed  to  be  somewhat  more 
important  than  expected. 
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Grid  stretching  at  the  surface  has  been  known  for  some  time  to  affect 
the  prediction  of  skin  friction  by  finite-difference  codes  such  as 
OVERFLOW.  Recently,  a significant  error  was  discovered  in  the  post- 
processing for  skin  friction  of  the  finite-volume  code  UPS.  The  error 
was  introduced  through  the  use  of  solution  variables  that  had  been 
averaged  onto  the  primary  grid  points.  For  example,  a grid  with  a 
growth  rate  at  the  wall  of  10%  was  observed  to  introduce  a 3.5%,  or  2 
counts,  error  in  integrated  skin  friction  drag.  All  UPS  results  presented 
in  this  paper  have  been  computed  based  on  non-averaged  solution 
variables. 
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Turbulence  Model  Sensitivities 


"\ 


Model 

Parameter 

Baldwin-Lomax 

Algorithm  Dissipation 

Spalart-Allmaras,  Modified  (SA93] 

Re,  Grid 

Spalart-Allmaras,  Original  (SA92) 

Grid 

V 

Lmwot  HSfVCA  Page  7 


/ 
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Results  of  the  TCA  cross  checks  as  well  as  flat  plate  test  cases  have 
indicated  these  sensitivities  of  the  Baldwin-Lomax  algebraic  and 
Spalart-Allmaras  one-equation  turbulence  models.  As  will  be 
described,  the  Baldwin-Lomax  model  was  observed  to  be  especially 
sensitive  to  algorithm  dissipation,  and  the  Spalart-Allmaras  model 
appears  to  be  somewhat  more  sensitive  to  grid  coarseness.  Most 
importantly,  the  modified  S-A  model  has  been  observed  to  be  difficult 
to  trip  to  full  turbulence  at  low  Reynolds  numbers.  This  effect  is 
significant  at  wind  tunnel  Reynolds  numbers. 
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The  sensitivity  of  the  Baldwin-Lomax  model  to  algorithm  dissipation  is 
displayed  in  this  figure.  Chordwise  skin  friction  coefficients  for  the 
TCA  configuration  computed  from  four  different  OVERFLOW 
solutions  are  shown.  The  solutions  were  computed  using:  1)  the 
baseline  Baldwin-Lomax  model  with  the  default  OVERFLOW 
dissipation  model  (scalar  dissipation  with  DIS2  = 2,  DIS4  = 0.04),  2)  a B- 
L model  modified  to  include  compressibility  effects  by  simply 
evaluating  y+  using  local  flow  properties  and  the  default  OVERFLOW 
dissipation,  3)  the  compressible  Baldwin-Lomax  model  with  a reduced 
value  of  DIS4  = 0.01,  and  4)  compressible  Baldwin-Lomax  with  the  Roe 
upwind  scheme.  The  Baldwin-Lomax  model  is  quite  sensitive  to  the 
overshoot  in  the  velocity  profile  that  is  associated  with  the  scalar 
dissipation  model  in  OVERFLOW.  As  the  overshoot  is  reduced,  the 
turbulence  length  scale  produced  by  the  model  is  increased,  as  is  the 
computed  skin  friction.  In  terms  of  integrated  skin  friction  drag,  a 
spread  of  approximately  four  counts  of  drag  is  observed. 
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Spalart-Allmaras  Production  Terms 


>-  Original  Model: 

S'  = S + vV(K  d)2 

»-  Modified  Model: 

S'  = fv3s  + vVM2 

- positive  S’ 

- more  robust 

- better  convergence 

- delays  onset  of  fully 
turbulent  flow 


v 
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Flat  Plate  Skin  Friction 
Mach  2.4 
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The  Baldwin-Lomax  model  sensitivity  is  somewhat  moot,  because  the 
only  solutions  computed  during  the  cross-check  exercise  using  the 
Baldwin-Lomax  model  were  computed  using  upwind  schemes  which 
should  preclude  the  types  of  errors  displayed  in  the  previous  slide. 
However,  the  Spalart-Allmaras  sensitivities  were  observed  to  be 
important  sources  of  uncertainty  in  the  computed  skin  friction  drags. 


The  tendency  of  the  modified  model  to  damp  turbulence  at  low 
Reynolds  numbers  is  shown  in  the  figure  to  the  right.  Results  from  both 
UPS  and  OVERFLOW  are  shown  as  computed  on  substantially 
different  grids.  The  effect  is  observed  to  be  relatively  implementation- 
independent  as  well  as  grid  insensitive.  The  original  model  is  observed 
to  be  essentially  fully  turbulent  from  the  leading  edge.  The 
modification  was  originally  developed  to  improve  the  robustness  of  the 
model  by  insuring  that  the  production  term  remained  positive 
throughout  the  boundary  layer  profile. 
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f SA92.  SA93  Skin  Friction  Distributions^ 

Mach  2.4,  WT  Conditions,  TCA 
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The  upper  surface  of  the  TCA  wing/body  is.  mapped  by  local  skin 
friction  coefficient  in  this  figure.  A streak  of  relatively  laminar-like  skin 
friction  is  observed  to  run  nearly  the  entire  length  of  the  wing  leading 
edge.  A streak  is  also  present  on  the  lower  surface  but  is  somewhat 
narrower.  The  black  lines  indicate  a spanwise  station  of  z=250  inches 
(full  scale). 


342 


lamanca  - HSFVCA  Pag*  1 1 


Chordwise  skin  friction  distributions  are  shown  for  the  z=250" 
spanwise  cut  as  computed  with  OVERFLOW  using  the  Baldwin-Lomax 
model,  the  original  Spalart-Allmaras  model  (SA92),  and  the  modified 
Spalart-Allmaras  model  (SA93).  In  addition,  UPS  results  computed 
using  the  SA93  model  are  included  to,  again,  indicate  the 
implementation-independence  of  the  effect.  The  region  of  laminar-like 
skin  friction  is  observed  to  be  quite  sizable,  and  is  comparable,  in  terms 
of  Reynolds  number,  to  that  observed  in  the  flat  plate  case.  The 
difference  in  the  size  of  the  laminar  run  between  the  upper  and  lower 
surfaces  is  exhibited  here. 
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/ Turbulence  Modeling:  Integrated  Drag 

WT  Conditions,  Mach  2.4 


- SA93  consistently  1.5-2  cts 
below  other  models 

► Consistent  trends,  SA93 
shows  slightly  more  variation 


V. 
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Mean  +/-  a 


This  figure  shows  the  effect  of  turbulence  model  on  integrated  skin 
friction  drag  on  each  of  the  four  wing/body  configurations.  Here  it  is 
seen  that  the  SA93  model  produces  friction  drag  predictions 
consistently  1. 5-2.0  counts  lower  than  those  produced  by  the  other, 
fully  turbulent”,  models.  This  characteristic  is  shown  to  be  responsible 
for  much  of  the  spread  observed  in  the  solutions.  Results  for  each 
turbulence  model  show  deviations  less  than  half  of  the  global  values, 
except  for  some  results  of  the  SA93  model,  which  are  slightly  more  than 
half.  In  addition  to  showing  more  deviation  for  each  configuration, 
results  obtained  with  the  SA93  model  show  somewhat  more  sensitivity 
to  configuration  than  those  obtained  with  the  other  models.  This  is, 
perhaps,  to  be  expected  because  the  transition  location  appears  to  be  at 
least  a little  bit  sensitive  to  local  flow  conditions. 
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Laminar  Flow  Correction 


> OVERFLOW  and  UPS  solutions, 
all  configurations 

> Laminar  flow  effect  evaluated  for 
each  case 

ACmL  = CDfiSA92  - CofiSA93 

> UPS  tends  to  predict  slightly 
higher  laminar  flow  effect 

> Results  (function  of  ReJ: 

- Mean  = 1.9 lets 

- Std  Dev  = 0.16  cts 
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In  order  to  simplify  comparison  of  the  various  results,  it  was  thought  to 
be  useful  to  obtain  an  estimate  of  the  average  laminar  run-related 
friction  drag  decrement.  This  was  done  by  performing  dual  sets  of 
computations  where  only  the  turbulence  model  was  varied  between  the 
two.  The  difference  in  skin  friction  drag  was  determined  for  each 
matching  pair.  These  changes  in  CDf  are  shown  in  the  bar  chart  to  the 
right  and  in  the  table  at  the  bottom  of  this  chart.  UPS  results  tended  to 
predict  a slightly  higher  effect  (slightly  longer  laminar  rims)  than 
OVERFLOW. 
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Temperature  Corrections 


> UPS  solutions  for  all 
configurations,  all  turbulence 
models 

> OVERFLOW  spot  checks 
>-  Freestream  T effect 

evaluated  for  each  case 
ACD|T  = C0|  i51-  Cp,217 

> Results: 

- Mean  = 0.56  ets 

- Std  Dev  = 0.1  cts 


1.0 

AC0, 


Temperature 

Variation 

TCA 

MOA 

A (CV 

ARC 

AH  c ont/gs 

smm 

mom 

mrnsm 

m m%m 

wmm\ 

mmm 
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A similar  procedure  was  applied  to  correct  the  Ames  OVERFLOW 
results  for  the  use  of  an  incorrect  freestream  temperature.  UPS 
solutions  were  computed  for  each  configuration  using  each  of  the  three 
turbulence  models  at  Tinf=151K  and  Tinf=217K.  OVERFLOW 
computations  were  performed  using  the  SA93  model  for  two  of  the 
configurations  to  spot  check  the  UPS  results.  It  was  determined  that 
slightly  more  than  half  a count  of  friction  drag  could  be  attributed  to 
the  use  of  the  higher  freestream  temperature,  with  the  lower 
temperature  producing  the  higher  friction  drag  coefficient. 
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Corrected  Friction  Drags 


62 

► Mean  values  for  laminar  flow 

and  Tin(  corrections  added  to 
all  SA93  and  Tin(=217  results, 
respectively  c°< 

► Result:  c reduced  by  a factor 
of  3-4 


■ Laminar  Row  Corrected 
■Lam  Row  and  Tin!  Corrected 
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The  correction  for  laminar  flow  was  added  to  each  of  the  friction  drag 
predictions  produced  by  the  SA93  turbulence  model.  The  global 
average  was  then  recomputed  and  the  results  are  tabulated  above  and 
charted  as  the  blue  bars  in  the  chart  to  the  right.  Note:  the  UPS  results 
computed  using  the  incorrect  freestream  temperature  have  been 
removed  at  this  point.  The  temperature  correction  was  then  applied  to 
the  Ames  OVERFLOW  results  and  the  final  collection  of  friction  drags 
was  averaged  and  tabulated  above  and  as  the  red  bars  the  chart.  The 
standard  deviations  obtained  from  this  global  average  of  corrected 
results  is  a factor  of  three  to  four  lower  than  that  of  the  raw  data,  and 
are  now  nearly  at  the  same  level  as  is  observed  for  pressure  drag. 
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Each  of  the  corrected  solution  sets  are  plotted  here  along  with  the 
global  average  (+/-  one  standard  deviation),  and  the  results  of  using 
the  flat  plate  method  of  Sommer  and  Short. 

OVERFLOW  results  can  be  seen  to  deviate  somewhat  from  the  results 
of  UPS  and  CFL3D  in  terms  of  trends.  Most  noteworthy  is  the  outlying 
result  obtained  at  Boeing-Seattle  using  OVERFLOW.  This  will  be 
discussed  further  in  the  next  two  slides.  Correlations  were  computed 
for  each  solution  set  (i.e.,  each  method  applied  to  the  configuration  set) 
in  an  attempt  to  quantify  the  level  of  consistency  to  which  the  trends 
were  predicted.  The  CFD  solutions  were  observed  to  correlate  better 
with  each  other  than  with  the  flat  plate  methods.  This  is  thought  to  be 
an  indication  that  the  optimization  process,  though  inviscid,  is 
producing  some  skin  friction  improvements  in  an  average  sense,  i.e., 
relative  to  total  wetted  area.  The  flat  plate  methods  scale,  to  a large 
extent,  with  the  surface  wetted  area. 


348 


NASA  Ames  Research  Center 


r 


Surface 


I Stretching  Effects 


Skin  Friction  at  Rex  = 1 06 

Mach  2.4  Flat  Plata  Boundary  Layer 


► “Glitch"  in  viscous  terms 
associated  with  discontinuity  in 
y„  (finite-difference,  e.g., 
OVERFLOW) 

► Growth  Factor,  gf  > 1 at  the 
wall  effectively  creates 
discontinuity  in  yK 

► Effect  on  surface  shear  decays 
rapidly  with  y 


V 
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Significant  friction  drag  differences  were  observed  between  the 
OVERFLOW  solutions  generated  at  Ames  and  at  Seattle  using  the  same 
turbulence  model,  correcting  for  freestream  temperature.  Since  similar 
algorithm  parameters  were  used  for  the  solutions,  the  difference  in 
gridding  is  probably  the  source  of  the  variance.  It  is  known  that 
OVERFLOW  is  very  sensitive  to  wall  stretching  in  the  prediction  of 
wall  shear.  This  is  illustrated  in  the  figure  above  showing  the  skin 
friction  coefficient  at  Rex  = 1 million  for  10  different  grids.  The  grids  all 
have  a stretching  rate  throughout  the  boundary  layer  of  approximately 
20%,  but  they  differ  in  where  the  stretching  begins.  The  horizontal  axis 
indicates  the  number  of  equally  spaced  grid  layers  on  the  surface, 
starting  with  the  case  of  stretching  applied  right  at  the  wall.  In  this 
most  extreme  case,  the  skin  friction  is  elevated  relative  to  the  10-layer 
case  by  more  than  11%.  The  predictions  improve  rapidly  to  where,  with 
four  equal  layers,  the  prediction  is  within  1%  of  the  "converged"  result. 
It  is  believed  that  the  Seattle  solution  was  computed  on  a grid  with 
three  equally  spaced  layers  at  the  wall.  The  character  of  this  chart  is 
thought  to  be  fairly  general,  but  the  level  of  the  errors  is  a function  of 
Reynolds  number. 
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Grid  Stretching  Effect  on  TCA  W/B 

Mach  2.4,  WT  Conditions,  a=3.0 


z-250" 


2-layer  solution: 

- slightly  elevated  local  skin  friction  relative  to  5-layer 
~ integrated  drag  increase  is  small  but  significant  relative  to  o 

- very  good  agreement  with  Boeing-Seattle  soln.  in  terms  of  local  and 
integrated  skin  friction 
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To  investigate  the  effect  on  a wing/body  configuration,  OVERFLOW  was 
applied  with  a single-zone,  C-O  topology  grid  for  the  TCA.  This  grid  was 
reclustered  in  two  ways:  with  2.5  equal  layers  and  with  5.5  equal  layers.  The 
half  indicates  that  the  stretching  ramps  up  to  20%  over  two  cells,  rather  than 
jumping  immediately,  as  do  the  grids  of  the  other  OVERFLOW  solutions. 
Solutions  were  run  using  the  SA93  model.  The  integrated  skin  friction  drags 
for  the  two  cases  were  corrected  for  laminar  flow  using  the  same  correction 
used  for  the  other  SA93  results  and  are  plotted  above  with  the  other 
OVERFLOW  results.  Local  skin  friction  coefficients  at  the  mid-inboard  span 
station  of  z=250"  are  plotted  to  the  right  for  the  single-zone  solutions  in 
comparison  with  the  solution  from  Boeing/Seattle.  The  effect  is  small,  but  a 
discernible  difference  is  observed,  with  the  2.5-layer  case  giving  better 
agreement  with  the  Seattle  solution.  The  integrated  drags,  similarly,  show  a 
reduction  with  increased  equal  layers  that  is  small,  but  is  significant  relative 
to  the  standard  deviation.  The  grid  used  for  the  Seattle  solution  also  had 
spacing  at  the  wall  that  is  generally  30%  greater  than  that  of  the  Ames 
solution.  Finally,  the  Ames  grid  contains  regions,  especially  near  the  wing/ 
body  intersection,  that  are  anti-stretched,  i.e.,  spacing  decreases  with  Histanrp 
from  the  wall,  for  a few  points  off  the  wall.  This  might  be  expected  to  reduce 
the  local  skin  friction  in  these  areas.  These  latter  two  effects  have  not  been 
investigated,  but  are  of  a nature  that,  if  resolved,  would  be  expected  to  bring 
the  OVERFLOW  solutions  closer  together. 
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Finally,  in  an  effort  to  establish  the  extent  to  which  the  N-S  codes  can  be 
relied  on  to  predict  trends,  friction  drag  increments  are  plotted  above. 
The  bar  chart  shows  the  friction  drag  increments  as  differenced  from 
the  increment  predicted  by  the  flat  plate  method  of  Sommer  and  Short. 
The  chart  indicates  that  the  NCV  wing/body  shows  the  most 
improvement,  relative  to  flat  plate,  of  the  three  configurations.  In  nearly 
all  cases,  the  increments  are  large  relative  to  the  associated  standard 
deviation  of  the  friction  drag  predictions. 
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Summary 


*-  N-S  parameters  relevant  to  friction  drag  prediction 
have  been  identified. 


*■  N-S  skin  friction  drag  results  have  been  accumulated 
and  sorted  by  relevant  parameters. 

*■  “Corrections”  have  been  developed  for  the  laminar 
run  associated  with  the  SA93  turbulence  model  and 
for  freestream  temperature  differences. 

- note:  SA93  laminar  flow  correction  Is  a function  of  freestream  Re 

► Corrected  friction  drags  have  been  generated  for 
“apples-apples”  comparison. 


»-  Trends  evaluated  based  on  corrected  drags. 
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Various  elements  of  the  present  study  are  outlined  here.  It  should  be 
highlighted  that  the  correction  to  the  SA93  results  for  laminar  run  is 
strictly  Reynolds  number  dependent.  At  flight  Reynolds  numbers,  the 
correction  would  be  negligible. 
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Conclusions  based  on  the  results  presented  here  are  stated  above.  The 
effects  associated  with  the  modified  Spalart-Allmaras  turbulence  model 
appear  to  be  sufficiently  consistent  that,  by  accounting  for  them 
through  a laminar  run  friction  drag  correction,  the  various  N-S 
methods  produce  results  consistent  to  within  +/-  0.35  counts.  There 
appears  to  be  potential  for  significant  reductions  in  this  value  with 
further  study  of  higher-order  grid  effects.  As  it  stands,  however,  this 
value  is  lower  than  the  friction  drag  improvements,  relative  to  flat  plate 
theory,  that  have  been  predicted  by  the  N-S  methods. 


353 


This  page  is  intentionally  left  blank. 


354 


i< 


355 


nacs 

/ ENGINEERING  CO.  INC. 


This  page  is  intentionally  left  blank. 


356 


CA 

a) 

o 


O) 

CO 


u 

o 

CO 

O) 


CA 

-C  <l>^ 
o 

(0  > C 
o W CD 

Jr  O Q 

9-c/) « 

• t* 


(A 

c 

o 


o 

’co 


- a) 

2 ° 

0.0 

Q.  ,- 


~<J>.2 

ao8  o 

Eit 


I-  <0 
OoS 


o 

o 


0)  | W 

00  |oS 

Xl  CAo  CA  *tl  o 

E^co  2!-£ 

c o)x  Ec£ 

§ g c| ® 2 
o.E~  E o oi 

“La>  g «m  P 

'iS^oo 
o ® ? 

e 75  JS  o 0 CO 


3 


, QJ 


I 


> 

CO 

a 


"O 
I 


O) 

c 

■■■ 

3 

CA 

C 

o 
o 
■ ■ 

CA 

"O 

O 

E 

CA  E 
o CO 
CO  Js, 

Eo 


Q. 

0 

U) 

s 

“O 

1 


9 


357 


O g 

£ S 


gs 

rr  r/3 


£ § Z * 2 * j= 

§>  i* * 3 tL,  M ^ 

■5  * ’S  S -s  «S  £ 
Sf  * 

h«  l §|i 

.2 « » ° ^ * 

£ 'O  £ S i ^ 

2 c 8 .2  » <n 
§ a £ o 6 JL  - 
p,  ^ ^ IE  § ^ 3 

“NgfiWl" 

f trS^sS 

•e I §-g?| ; 

S fp'g  ? I 


S 

3 

3 

* 


2 f-  C q 

•3  o'  * * 


S M5 

go  — <0  s '*"■*  c 

3 -g  .2  rt  U § 

§ 2 ^ ”2  IL  'S  « 

iS.s  sjf  g* 


o 

& 

cx 


2 fe 

2 X> 


.CO 

X> 


2P  . 

1*3  * 


■«  _ 

1^1  § I 

2 $ o < * 

3 ..  -3  M 69 


’W) 


2«§cg“ 

$ *£  wig 

*l-5 1 1 

q e ^ 6 •» 


CO 

C 


2 C/3 

M B.  C •B  £P  ® 

2i 4ll| 

- ^1  f §.-g 

^sj  ^ fc 


<D 


I 

1 ^ 8 8 § £ 
° 1 1 * -S  .1 
^ I § I 

•as  ^5g  1 1 

g IS  M 8 c 3 

3 g eg  a .3  4 

*7=;  O 45  On 

05  § 2 3 2 « 

0 i - -g  | <S 

•g  .g  2 * (2  a 

j§  2 ’5  -S  * 'S 

5?  *2  5?  ^ -3  4-, 

o 2 T3  00  S O 

u*  *-4  3 o1 

§ § _g  2 ^ 

•go  &•§  -o  § 

is  £ o .1  3 

G W O ^ £ M 


358 


OQ 

I 

< 

O 

l- 

0) 

I'Li 

08  9>  DC  o 

^ ^ <D 


C 

o 

■ mam 

*5 


== 
® c 
o o 
go 


a 

O 3^  =- 

’=  10^1-^  .2  0 

a)o8o8  ® .q+-o  >, 

|.2S  «o8  §£  o 
| = 0)0-  o>o  Ef 
CO  8 £,«  •§  E -£  I- 

=£rci®*ct 

o 2 a>  <-  ^ R ?.  o ® 

+*o  £ 0)0  <D  ■—  o 

— — - O)  " — 


0 

c 

o 

^■35 

c C 


O)' 


SfeEgSgS'oE 

^■g  c g wo 

CO  c (I)  x 3 ■? 

3 3 -S.O  O* 

O CtS  O 
O _ O 3 5 - 


0 LL 

> e-  “ 

co  .E  co 

1 .*"0 


0 

a 

E 

3 


8<«o 


.2-5  Eom-5  s = 

QSCCQ  =-P” 


o 

0 


0 0 
O 


o£SE 


0 

3 
0 
0 

0 

0.0  a 

o'^.E 

c £ "o 

« 0>i 

Cfl)  0) 
■O 

_ CO  +- 

cb  » a 

8 el 


LL  M-  H-  U- 

o o oo  5 5-g  « o 

0 0 0 0 Q.  ^ ZJL.  +X 

E 


o o o o 


t;  0)0)  m 
3 c C 0 


0)0)"  o 
c c » -0 


a co  co  Q-  o -5  -5  <|>  3= 
c££:co53S0 


E 

o 

o 


I I 


E 

o 

o 


I I I 


0 

0 

< 


o 

0 

3= 

0 


GOO 
0 0 0 
3=3=31 
0 0 0 


I I I I I 


359 


HSR  Configuration  Aero  Final  Review  FY97 

HSCT  High  Speed  Aerodynamics 


Mi 

| 


© 

u 

© 


S 2 

<*3  © 

60  *§ 
0)  G 
73  =3 
G 


? 


co 

« S 

•a  § 

•a  fc* 

13  * 

< £ 


H 

0 
'G 
<d 
£ 

1 

CO 

CD 

£ 

U 

<2 

73 

<D 

C 

’2 


£3 

<d 

i 

c 

co 

*o 


■B  <^> 

*§>  'S 

I ^ 

-s  s 


o 

hi 

•s  5 g 


SP 

s 

1 

<D 

73 

oo  u 

42 

G 

1—4  G 

H 

& 

„ § 

u 

<D 

ir>  5 

<D 

42 

i-h’  73 

X> 

H 

1!  S 

s 

G 

G 

a®2 

CD 

L A 

42 

8 

S 


X> 

o 


u 
■+-» 
CO 
CD 

— (L) 

s * 


NO 

w 

cd 

<u  z2 


<d 


c 

o 


o 

co 

CO 

o> 

44 

0 

4-» 

GO 

fe 

1 

£ 

o 

j 

s 

w 

s 

£ 

23 

-4— > 

CO 


73 

§ 

00 


W 

NO 

m 

no 

HD 

§ 


t^ 

o 


73  N 

§ S 

w>  - — 


<D 
OO 

§ 

^ <N 


<n  t/ 
On  o 

© c 

il 

S C 


<D 

> 

O 

Ur 

(D 

X> 

E 

23 
G 

co  O 

3 W 

IS 

£)  * 

pi  s: 

— d 

u n 


G = 
.2  $ 

I g 

- «3 


G 

W NO 
XJ  W 
G Tf 

■ NO 


44 

CO 


1’ 


2 a 

?« 
o o 
fc  X> 


360 


ENGINEERING  CO,  INC 


</> 

c 

o 

umtm 

T3 

C 

o 

o 

£ 

o 

LL 


(D 

UJ 

© 


® oi 

^3  I 


CO 

I 

CD 


II 

<c 


3 a> 

CO  JO 
+*  LI  £ 

«#3 

<-§Z 
o|  c» 

hz2 
.2?  ° 

t5  o 5, 

x co  5> 


E 

> 

(/) 


i i 


CD 

UJ 

LO 

csi  $2 
co  08  i 

.C  _ CD 

a°!ui 


CO 

o r 

CO  d) 

"5  -£ 

v?  E 


o 


a> 


to-Sz 

<lj 

o 

a>  o > 

,E  _co  a) 
0) 

8 1 

00 


I 


361 


B-fl  Si 


IS. 

p) 


I 

Q> 

o: 

15 

c 


s 

Q> 

C 

■2 

2 

•S> 

*c 

c 

o 

o 

ft: 

S: 


i 


« 

4i 

S 

«B 

I 

i 


CO 

I 

K 

o 

<0 


© 

« 

© 

1m 

o, 

o, 


© 


* 13 
o 
o 


£ - 
& c a 

— o ^ 

t+3 

«3  .22 

<2  - 

*3  +3  U > Cjd'9 
™ x>  o 51  3 o 3 
sf  © g-Ooffl  53  g 

g w g .8  £ 3 S 

5 _ ^ -G  co  G o 

O G CO  O ^ *55 
‘rt  O J tS  bfl  C 

o.  3 '-g  * o §1.8  3 

I i^«  3 11 

1 15  * t £:° 

§ “>  a § J 15 
'5  -S  S o S X SP 
°-  ~ O ap  a - -S 

a S « ^ a 
a B ,w  ^ £ 

8 Mf:  g>  8 

^ Jm 

<2 

CO 

G 

3 -2 

S § 

,:s§s 

rt  3 .2  So 

-§£«■§ 

§•  § S £ £ 

C cfl  .T2  p 

1 1 1 ft 

gll  s| 

c 

£ -8  .2 


GO 

I 

CO 
CO 

o.  § 

■e  *2 
a }2  *2 

G *+h  ^ 

» jj.  « a 

* s I ! 

© © ©-.  P 
•5  £ O S. 

£ g '|  i?  « 

8 -g  £ § | 

S 3 *©  c5  £ 

J=|  -g  3 a 

■g  » o 7 u 

ll-afl 

•m  u o g 

isii5f 

w § * -o  ■© 

“ 8 M *g  « 

§ g 3 <2  .2 

'5  O « ,.  g 
.2  o o 2 | 

£££hS 


£ 

© 


T3 

2 

5 

T3 
* « 

CO 

G 

o 

o 

CO 

© 

'G 

8 


© 

c5 


G 

© 

pG  . 

h g 

• G 

w © 

'G  CX 
O ^ 

> E 

r ^ 

li 

*.S 

G3  G 

CU 

_ * 

0 3 

£ f 

CO  c 

1 o 


§ 


© no 

I s 

! a 

c/3  S 


o t3 

S 1 

o E 

X3  g 

~ <2 
© 

H © 

ia 

£ g 
3 o* 
S | 

o S 

° G 

CO  ••+ 
© Cm 

’G  o 

u 

52 

<v>  G 

G © 

— x 

cx  © 

^ © 
CS  M 

<G  ’S 

u 

e I 

H 45 


362 


— O) 

<2 


UJ 

C/)<5 

O-fiL 

o> 

<1 


CO  m 
q.2 
WO 


Q. 

Q. 

< 


1 

■o| 

• ■•■So 

22  og 

OJ  A) 

0 P3«fc 

tI-2  ro 

3039 

1 i i i 


C-  3 
c Q. 

5 E 

«o  O 

3 S o 

W O'  C 
CO  w C 

£ J>  o 

d 1i- 

0 CO 
.-CO  - . 

E J>  <D 
c “■  3 

£-|  5> 

e E 0) 

1 S £ 

£>a 

8«.S 

2oE 


£ o E 

cc  <2 

0 O C 

0)0)7 
(/>(/)_ 
co  co  75 

■Q-o  S 

1 i X 


<0 

s 

O 

(0 

.5 

'■5 

o 

CO 

. t 

■N 

5 

> ' 

o 

CO  Q. 

**— 

£> 
CO  co 

"D 

f! 

3 0) 
Of 

n *■* 
J>  ■§ 

S « 

® 3 

So 

2i 

— o 

0.5= 

0 o 

1 = 
o *> 
8.2 


S£ 

0 (0 
’«  rn 

g» 

E~ 

Ou> 

1 o> 

cn^t- 

<0  t 

® o 

§W 


363 


- Frankl-Voishel  (1943) : non-iterative 


364 


'ENGINEERING  (XI  INC 


365 


ENGINEER IN6  CO.  INC 


i 


I 


366 


ENGINEERING  CO,  INC 


367 


Freestream  Mach  Number 


S •£ 


ST 


8 


(N 

oo 


CN 


o • r 


o\ 


e m-j 


(N 


Cn 


<L> 


^ 22 


a .p 


W M - 

T?  'g  « 
*2;  H *w 

o =j  o 
1 8 6 

* § 

•o  « 
c o 


ao 

p 

T3  j3 


P 4-> 
* 


5 4-  a .2 


CQ 

cn 

a 

5 

£ 

a 

o 


<2 

+-» 

p 

o 

* 


I 

•*-» 

CJ 

43 


50  O 

P 


**  csj 

8 •£  if 

“ S 


_ r 3 

05  J£>  O 
w *d  M 

§8.8  > 

s J3  1 p 

s **  2 «g 

o ”2  «>  S 

w 6 t\  45 


p 


■r  « .»  73 
§ sT  13  'o 

g-  & fi  v 

f J®J 

e .9  9 £ 


IS  B 

5 a«  °i 

6 2 « ® 

oc  si 
o p 5 ^ 
<u 


55  _ _ 

O \p  On 
JJ  2 3 o 

f s 2 

. 13  J2  ^ 

fr*®  £ w 
o 9 H -3 

2 

-*-*  ■<*  r> 

S 8 5 _ 

3*2  a?! Is 

S fJ8  s ! 

1 1 < 
§ V CO 
O 43  O 
O ^ 43 

U C ~ 

> O £ 
43  . j5 

<->  z?l 3 

O 43 


£ 
32  o 

*■§ 
t3  o 

i ^ 

1 2 

la 

1 > 

o 

u 
XI 


III 

3 < Ji 

to  CO 


u 

W) 


£ 

O 

-) 

& 

W 

> 


S 

«§ 


2 

*5. 

eS 

33 


O 

S 'S 


•s 

CO 

D 

8 

CO 

1 

o •o' 
_ „ o o 
_ o e.  vn  x> 

* I ’a3”S 

•2  § -2  'S  g .2 
“toll’s 

_ p, 

P ^ &0  5 P Q 


2 o> 

£ £ 

^ n 45 
r Q ^ 
53  T?  +* 


O 

45 


5 J2 


i s 1 « •§ 

i5  .g  5 p * 

. W S 3 


C3 


£ g 

O 

« < 2 o 

jD  W T3  o 


i 

8 


368 


HSR  Configuration  Aero  Final  Review  FY97 


369 


Freestream  Mach  Number 


HSR  Configuration  Aero  Final  Review  FY97 

HSCT  High  Speed  Aerodynamics 


on  oa  amtmuoNs/ 

BOBU, 


HSR  Configuration  Aero  Finai  Review  FY97 


371 


ENGINEERING  CO.  INC 


HSR  Configuration  Aero  Final  Review  FY97 


372 


HSR  Configuration  Aero  Final  Review  FY  97 


373 


ENGINEERING  GO.  INC 


HSR  Configuration  Aero  Final  Review  FY97 


•d  *2 

u S co 

^ 2 
E eg  ’S 

W W rj 


a 


’§-‘S 

03  .3 


cd 


w 


a> 


oj 


W) 


.9  g > • S 


P™ 1 

s 


•a  o, 
o o 


o 


03  *2 

§*£:  •§ 
E < <D 


oj 

on 


<L> 


U 


oj 


*W>  ^ 

<u  o 


O rt 
<u 


o 

^ * 
oj  •’■ 


<U 


03 


V 


I 


<D 


374 


'ENGINEERING  CO.  INC. 


375 


hH 

a 


Cd 


eg 


o o 


.Si1 

E 

•o 


CO 


cd 


a 


cd 

< 

U 


cd  'sX 


0> 


<D 


3 


D 

tail 

cd 

w 

<L> 

> 


o 

a 

o 

CO 

C. 

E 

o 

Q 


6 


<D 


O <L> 

*"  te  ^ I 

> T3  c i) 

S g £« 
- O o 5 .3 

rr  co 

J3  §•  <3 

Sg2- 

‘ G 


tG 

’a" 

a 


2P  ^ 
§ 
s 


a-  <u 

o a 
s 3 
> | a 
■a  s £ s 


O 

Q 


<L> 

5 


cd 

G3 

(La 

£ 

-O 


£ 2 
a «* 
a> 

© 

! 


U 

o 

<u 

JC 


c 

O J£i 

1 |3 

1 1 1 j> 

O -5  « 8 

o S E w 

<u  o 

a w o 


o 

J3 

H 

CO 

G 

O 


T3 
•O  G 

<L)  O 
O 


O 

GS 


376 


ENGINEERING  00,  INC 


378 


BOM m HSR  Configuration  Aero  Final  Review  FY97 


• s g || 

Slog 

0 I © * 

X -O  OX) 

1 ^ u 1 
C3  ^ OJD  P 

■a  g 4 1 

a*j§S 

1/-1  V)  ^ *-* 

2 O G 

s gal 
= I a l 

+3  o>  .53 
^ o c 
^ -y  - c 
c JS  ,S  u 

rv  w) 

S ^ O 2 

« 3 £ B.  v 

NT!  i .a  « 

>>2  ^ (o  m 

a ® fS  2 E 

^ cd  pj  -r* 

w *S  J>  > 

g * | c a 

S >*  o *s  tj 

Sfl)  p o ?? 

w C Ji  Ji 

(u  ^ -S  g*  G 
S“«I.S 

ft£-°  |o 
- o o a £ 

5 s c "3  L 

g o 'ob  § ^ 

S P S P 

5 ts  "H 
S o « o 

* 8 -a  So 

5 § o oc: 

g -o  I 2 © 

i s p ^ S 

5 i ° .s  £ 

2 <<_  .23  +-.  <3 

5 « g g e. 

s«to  s° 

3 g ® B o 

*-  O o « 

: o S .2  & 

M i a * 

> -*  2 | c 
i 2 ft^2 

* S -p  ° c§ 

V G <D  p 

! &o  S x ^ 
*•5  |,H  jf 

3 . -o  m a 

> >>  rg  -S  -| 

! *2  g & | 

P '*3  9 T3  O 
5 « |-1  fc)  O 


380 


acs 

'ENGINEERING  CO.  INC 


381 


HSR  Configuration  Aero  Final  Review  FY97 


"Sr 'Si 


382 


nacs 

/ENGINeEHINGCQINC. 


C «3 
o i> 

s ° 

O-  £ 

■g  ° 

a s 

e.s 

Ch  g> 
1* 
O VO 

5 W 

r ^ 

O o 

0 o 
•c  -2 

1 i 

•£  5 

W 05 


a>  g 

|1 

3 I 

ii 

•3  op 

«M  ,g 

0 & 
on  ^ 
on  no 

> = «3 

•g  g 

c3 

» g>-£ 

^ V 
* 42 
50  £3 
a <*h 

•g  ° 

I § 

53  & 

I j 
s i 

Jg  § 

5 -3 

•a  e 


J 1 

•52  (S 


S 

I T3 

i=  .2 

W W 

a js 
H IS. 


384 


nacs 

/ENGINE  E»NG  CO.  INC. 


N. 

o> 

U. 

£ 

.S> 

Q) 

Ct 

15 

u. 


CD  _ 

Hi  > 

S> 

q o 

CD  -i 
II  Li. 

0)  OC 
OC  HI 

- > 

O) 

0)  hi 

■D 

O C 

||  0)  1) 

2 o « 

t 


i§« 

O>0  g1 

6 C i 

II  o 


< £ 

£.e 

E w 


385 


nacs 

/ENGINEERING  CO  INC 


HSR  Configuration  Aero  Final  Review  FY97 

HSCT  High  Speed  Aerodynamics 


< o 
W 

o 

i 

<u 

Pi 

§ 

Os 

O 

II 


< 

U 


on 

<d 

X! 


o 

o 

o 


o 

5=1 

o 

oo 

'9 

P, 

a 

o 

u 


386 


(Aaa&jvt*  HSR  Configuration  Aero  Final  Review  FY97 

HSCT  High  Speed  Aerodynamics  Comparison  of  Local  Skin  Friction  Coefficient 

Sym  TCA  (M=0.9,  alpha=0  deg,  Re=6.04E6) 


387 


nacs 

/ENGINECniNG  CO.  INC 


oni  oa  9N*a3Niwa/ 

BOBU 


a 

<D 

• *H 

o 

5h 

<L> 

O 

U 

£ 

O 


o 

• »— I 


pH 

C 

• i— i 

P4 
C/D 
*■— < 
Cd 
O 

o 


391 


’ENGINEERING  CO.  INC. 


HSR  Configuration  Aero  Final  Review  FY97 


392 


/ENGINEERING  CO  INC 


393 


© © 


◄ 

u 


© 

.5 

a 

PQ 


£ 

■a 

€ 

09 

C3 

O 


ta 

a 

2 


< CO 
© © 

3 Ti 


cd 


a 


a c 


© 


© 


•a 


© 

Pi 
-*— * 

bn 


< 

U 


» 


a 
' o 
’-a 

o 

'C 

g 

3 

GO 


a 

o 

CO 

X 

a 

a, 


o 

U 


cu  *s 


a 

3P 

a 

§1 

lir 

W 13 

13 

o 

CO 

> 3 
O a 

ft 


*.32111 
Ullage 

s&l  |3  f« 

1 3 g 8 2 5 

•*>  « s £ 

« 5 6 5 o 

g*-s3^-g 

I S « •§  I 
s*fi  § £ § I 

SP  « 8 c £ £> 
ts  o>  a » 


S 4)  ^ C J r 

t gl-eg  J 

®P  2 •B  ao  w ,_  ■ 

2.2x  2 - R 
•o  *3  » Ja 
o -r  “ 
§’•3^2 
•a  e S 5 

0 B..2  » 

<£  MJ.3  •>: 

1 Jv  *T*  ** 

“*  ^~.  O 4-» 

*0  CO  c 
© 

§-3 
Oh’o 

13  g | 3 
«|  8 8 
© w © CO 


r-  J2  a © ^ © CO 

.11  .8  e § « > 

IS  § « ° -3  * 


£ 

8 


394 


HSR  Configuration  Aero  Final  Review  FY97 


395 


Freestream  Mach  Number 


Pi 

13 


cd 

< 

U 


£ 


a 


£ 

.2 

O 

‘C 

fa 

c 

3 

co 


CQ 


<L> 


03 


C 

s 

'6 

I' 

o 

U 


Tf 

■2  S 

4-» 

c4 

2 o 

if 

2 cd 

s 

cd  ^ 

cd 

£ g 

W * M 

W « 

> ts 


co 


cd 


.8 


0 


cd 


<D 


O u £ 


i 

g 


396 


397 


Freestream  Mach  Number 


HSR  Configuration  Aero  Final  Review  FY97 


398 


HSR  Configuration  Aero  Final  Review  FY97 


SOI 

3 

VO 


o 


a 


ed 

< 

CJ 

H 

t-N 

<2 

Vm 

O 

13 

o 

o 


fl 


a 


[2o-spt)'3  2j6 

$ e o .2  g ! a -I  z 

*S  g)  g -o  ^ 

15  11 

g.'S'rfi  jg  5 f § 
§”«  g C tf  °* 
r>"  -T"  •«  © 


CU  QJ  w ' ' Q.  rr 

^ r-  <i> 

*iJ;S 


H* 

i I II 

i£2  *5  *2  K 


3 .5 


400 


■g  v© 

I £ 

^ !t 

o $ 
CJ  » 

P bB 
O <u 
*43  T3 

.2  r- 

rT~|  rn 

s l 

3 -S 


tssi^ 

S S u lu  i s 

&i 6| 

o o q o S.& 

j j j j » a 

b b (xh  « eg 
m k oj  Ph  r p 
pq  w W M ~ 5 
> > > > i2  42 
OOOOfefe 


fs£?~© 

o' a1  o' J!  I 

S3  S3  S3  S3  *2  > 
a*£  £ i 

fro  al  S 3 

wwOv d d 

£ ^ ^ ^ <8  £ 

Qqqq"& 

J J J J W O 
fa  h u-  pu  _§  « 
S S tf  M p.  p. 

ggggll 

OOOOhh 


cn 

vn 

<N 

UT) 

o 

<N 

O 

i— < 

o 

o 

o 

O 

o 

© 

o 

o 

o 

o 

o 

o 

o 

o 

d 

o 

o 

«5  r, 

O On 

Sf 

o| 

O M 
co  d 

• f-H  • l>-ft 

S3  £ 

CXi 

a < 

o U 
O H 


C'O'ZT'o 
3 .S  -2  S 

CjJ  qJ  J IS  <S 

^ ^ ja  .2 

ftl  M lM  w o 

5 S 8 8 » »> 

6 s g-  * § • 

§•  o §•  o | a 

%***$£ 

SS S3 

e2  c£  t£  a.  5*  s 
OOOOEE 


fflT?  ^ 
JaO'Jfl 

— — ---  — *23 

Ut  ft,  ft,  fti  cAj  O 

|S  |S  S> 

§«  jp  | a 
£ ^ o i 

qqqqSo 

IlllSa 

OOOOtsfe 


v->  O v">  £ J m 

cn  Q <N  2 ^ 

c>  O O o o 


HSR  Configuration  Aero  Finai  Review  FY97 


nacs 

/ENGINEERING  CO.  INC 


HSR  Configuration  Aero  Final  Review  FY  97 

HSCT  High  Speed  Aerodynamics 

TCA  Wing  (M=0.9,  alpha=3.7  deg,  Re=164E6) 


403 


NMii  csx  wa 


.2 

i 

l 

§ 

"b 

o 

o 

£ 

§ 


O 

<0 


VO 

w 

vo 


a 


cd 

< 

u 

E-i 


3 


a 


o 

c 

o 

CO 


Oi 

S 


a 


i 

to 

G 

O 


£ C 

o S 
q3  03 
- £ 
a O 
S o _) 

<->  rT 


*8 


a 5 
n>  ^? 
•C  « 


w 

> 

O 


.8  JS 

■4— ► 


_ .2 

S'  JB  S> 

if  ? 

a o (h 

o^o 
b § o 
j •§  £ 
© -2  .8 
fC  i)  W 

^ J 

*> 't: 

3 

CO 


rt 

G 


•§  s 

o « 
o 
o 


8 

1 

o< 

V*  *ri 
O ^ 
£X  S3 
a,  oi 

3 E 

c W)  W 

3 C >, 
& * •§ 
1*8  | 
£ o 13 
0.0*^ 

g 3 jB 
o o *5 

Is  «T  ; 

S & Q ' 

c2  u*  <2 
C3  cS  G 

2 w “ ! 
*3  O ft 
j>  *d  8 

£ 8 I • 

“q1  ^ *0 

S II. 

ja  J2  £ , 

£ ^ & . 

0 tJ  G 

w ^ ^ . 

g «H  C : 
CO  o O : 

■g* « 

CX  *3  > * 

1 s|. 
»gu. 

.2  J W * 

8 & § 1 
5 (s  ,2  . 
JS  w "3  I 

C > w 1 

| o tS  d 

2 <u  s8  ( 


404 


HSR  Configuration  Aero  Final  Review  FY97 


405 


9QBU1 


HSR  Configuration  Aero  Final  Review  FY97 


406 


HSR  Configuration  Aero  Final  Review  FY97 


Is. 

p> 


* 
.3 > 

Sc 


<6 

I 


© 


!!•§  1 

1 

§SS  - 


sol 

W 

i/s 

os 

l 

Oi 

•o 


a 


c3 

< 

u 


<N 


CO 


cO 


co 


<u 


o 

13 

o 

o 

h-3 

<+H 

o 

c 

o 

on 


I' 

O 

U 


o 


■JSB 

*e  £>  o 

3 4-i  O 

§ ° J 

S3  J © 

! - g 

•s  a •? 

2 o jg 
- tS  .8 


0) 


o 


•3  *3  s 


c 


408 


nacs 

/ENGINEERING  00.  WC 


HSCT  High  Speed  Aerodynamics  Comparison  of  Local  Skin  Friction  Coefficient 

TCA  Wing  (M=2.4,  alpha=3  deg,  Re=195E6) 


/ 


409 


nacs 

/ENGINEERING  CO  INC 


hsr  Configuration  Aero  Final  Review  FY97 

HSCT  High  Speed  Aerodynamics 


nacs 

/ ENGINEERING  COl  INC 


Tj-  c 


8* 

Oh 


CD 

M 


CD 


<D 

£ 

Z 


o 

a 

> 

a> 


a 

a 

=5 

H 

"O 


fl 


at 

◄ 

u 

H 

u 

a 

B 


$ 


u 

vy 


o\ 


3T%  'I 

Q ^ 

'o  <Z 


a 


t I 


CD 

& 

T3 


a 


cd 

< 

o 

H 

o 

£ 

i-m 

<2 

o 

0) 

<1 

*-4 

od 


c 


*2  u 
S p 
03  ^ 
On  y 


? 


ctf 


ID 

Oh 

§■ 


S 2 
.2  ’S 

3 c 

J ° 

•c  * 


«3 


Pi 

13 


y S 

*8  -2 


<D 

M 


i v 

£ 1 

H £ 


412 


'ENGINEERING  CO.  INC 


(Q&iw&a/iz HSR  Configuration  Aero  Final  Review  FY97 

HSCT  High  Speed  Aerodynamics 


&h 

D 

D 

fa 

4—* 

c 

o3 

o 

* ^ 

O 

oj 

*3 

£ 

£ 

o 

D 

£ 

-d 

3 

D 

TD 

P, 

3 

o 

• 

C/3 

o 

D 

fa 

O 

£ 

X3 

4-* 

c 

o 

o 

D 

faH 

fa 

o 

c 

bO 

03 

»— * 

m g £ 
o>  t*-i 


V,  T3  53 

£E 

2 & ^4 


„ D O 


8 >>  <D 

•£  CC  *“< 

£ « a 

£ -g  « 
tM  § <-> 
S3  « £ 
c -e 

O ^ t) 
O D 

6 8 73 

rC  flj 

D -j  > 

X ° H 

ft's  n 

4-j  fa  Oj 

^ ^ 00 
ID  c/0  2 

X •-  p 

^ 4)  ^ 

X3  y S 

g c£5  S 

cd  Th  D 
r-j  p ts 
§ » « 
'S  fe  8 

— R"  (i3 
o g<  ^ 
^ a fa 

> D c/3 
Si  - 

0 4->  03 

Vh  ’> 

o 

ptj  4-1  fl 

2 > .2 

> o 1 

Sai 

5 W -2 

<D  I> 

3 O | 

S >>  ~ 

f>  43 


4— > t— I 

3 d 
a w 

fa  Vh 
g D 
O rv 

U 5 

§i 

\fa  5 
o _, 
D ^3 
fa  <L> 

•■3  5 

60  b 

l.i 


•§  [i  ^ 

B ^ D 

^3  *§  3 

o § a 

^ - t- 

oo  fa  o3 

6 S a 

~ in  -5 

-g  i o 

fa  D 
* <8  > 


<=2  o 2 

S S ts 

fa  > o 

00-43 

1_  S .2 

8 -2  -3 

&o  « 
* £ & 
c .g  -S 

’5  I § 


414 


nacs 

/ENGINEERING  CO.  INC. 


c ■o 

.2  « 

O ' 

S VO 

^ !L 
° $ ■ 
u w 

c 

o <u 
'T3 

- *> 
£ ^ 
s B. 
3 -a 

CO  3 

_h  cd 
cd  c 
O on 

3 ^ 

ii 

° g. 

o top 
co  CJ 

'§  £ 

t < 

o U 
U H 


ff  J£.S~® 

J J J J Jj  X 

S S S 8 *2  j> 
§■  * & * a 2 

££££££ 
o o o o 
X x j j J>  « 

tfcj  tij  tij  pLj  cd  cd 

2 Cm  Pm  Pm  rT  gu 

w www1;1; 
> > > > i2  J2 
O O O O u,  tu 

1 1 1 1 ; i 


ffl 

: ■ •;•- 

f 

I 

[ 

: ■ ■ * : -L 

a ‘ ';'“ 

o : "■ 

m 

co 

II  ■ T 

>> 

1 

[ 

; ; 

1 

■ . ! 

O O o 
g d o 

'SQ J 


<D  U 4> 

a.  > cx 
§•5  G 

W'  'w ' ' 

^11 

ooo 

j j j 

W PJ  w 
> > > 
ooo 


Jt!  £ 
cr  o x 
x .S3 

uW  O 

§ i > 

£ 4>  i 

~ i! 

> o 2 
J « » 

(Jj  ed  cd 

s55 

^>  cd  ~cd 

OEE 


to  9 

. ^ X .S3 
, !-<  CO  o 

I o o o>  *> 

u * a £ s "T 
[■.2  3 .2  S3 

✓ V— ^ 'w'  C c 

) o o o 

1 J J jJ  4>  V 

> s s s 

igg>3s 

JOOOEE 


i s 


o 

o 


OQ/o''o 

JJaloJil 

^ X .S3 

L.  l h h CO  O 

§.$  §.§  s^r 

estai-s 

O O O O ww 

nJ  .j  j h b 2 

pLj  pCj  tlj  Uh  cd  cd 

W Ctf  W ‘i 
> > > t>  i2  .S 
O O O O tt,  u< 


m 

O 

o 

o 

o 

m 

O 

O 

<N 

O 

o 

o 

o 

o 

o 

d 

o 

o 

VTi 

Tf 

o 

o 

o 

in 

cn 

o 

tn 

o 

o 

in 

<N 

O 

<N 

O 

o 

m g 

O o 

§ 

VO 

8 

m 

§ 

m 

o 

o 

o 

o 

d 

o 

d 

d 

o 

d 

d 

o O 
o 

d 

d 

d 

o 

o 

415 


nacs 

/ENGINEERING  CO  INC 


73  w 


<L> 


V 


1 1 


<D 


If 


«3 

3 


w 


U 


S3 


" C 

O -E 

o *55  a> 

•fa  G P 


I * 

o o 


CX  w 


416 


ENGINEERING  CO.  INC. 


HSR  Configuration  Aero  Final  Review  FY97 

HSCT  High  Speed  Aerodynamics 

TCA  Wing  (M=0.9,  alpha=3.7  deg,  Re=6.1E6) 


a 


"D 

fl 

A 

? 


< 

u 


<2 

■J2 

I 

a 

.2 

u 


W 

'O 

m 

f 

u 

Pi 

"O 


3 


d 


cd 

O 

O 

-I 

o 

a 

s 

'S 

o, 

6 

o 

U 


> « „ o -2 

4)  ”3  T§  >%  ® 

? " O ■s  13  W 


418 


ENGINEERING  CO.  INC 


u 

2 


419 


sOf 

W 

vo 

m 

vd 

li 

a> 

T3 


<N 


o O G 
^ a>  w 
*■0  *G  g *3 


G 

< 

u 


,<3 


4> 

Oil 

G 

i-4 

a> 

> 


o 

G 

O 

C/3 

'§ 

i' 

O 

U 


<L> 


J 5 

I aj 
Q 

to  JO 

O 0) 

ts  £ 

3 <2 

Oh 

. 

c a> 
S o 

o c 

O 

O u 

<D  fe 

• IM 

<4H 

•2  o 

3 

CX  ^ 

G 

13 

> 

.£ 

1 

<d 


G 

2 


W) 

G 


3 

hJ 

>. 

CO 

P* 

1* 

s 

1 

CO 

G 

o 

o 

w 

l-i 

o 

CO 

O 

o 

> 

J2 

*§ 

G 

CO 
'*— * 
o 

O 

s 

’go 

§ 

O 

<u 

♦ — < 
1 

.1-1  ^ 
a-  (H 
<u  ^ 

CO 

<4-1 

o 

T3 

<L> 

<D 

fa 

<L> 

§ 

o 

O 

G 

to 

w 

o 

,g 

b 

fG 

"C 

§) 

iG 

CO 

3 

CO 

te 

3 

CO 

fc 

u 

e- 

S* 

G 

CO 

<u 

0 

? 

O 

CX 

CX 

g 

4» 

5 

cx 

G4 

420 


ENGINEERING  CO,  WC, 


HSR  Configuration  Aero  Final  Review  FY97 


422 


o 


c 

<Dj= 

•Sf 

! ft  ^ 


o o 8 


0) 


(0 


5>  > 


i o 

[i 

5 5? 

*1 
l)13 
1)  (A 

5>o 

S o 
->w 


U-  t.  *' 

oc£  ® 

UJ  ■>  ro 

O-g^ 

e8g 

2f  E 

H.  d)  o 
o-o  i= 
■=  c *- 

CO  -3  o 
o J 2 
O C ±3 

— o > 

G>+=  § 

f—  ™ o 

.=  (0-S 

*!- 

.CO 

t:  ®<r 

> 3 S 

+-  n co 

CO  ^ w 

«sg> 

O I Si 
H (S'O 
c c w 

111 

COcoo 

o"» 

I.  O CQ 
O JC^ 
LL  (0> 


0) 

to 

0Q. 


c 

o 

■ HB 

"3> 

c - 

CO  "O 
£ ® 

si 

3 ° 

1 1 

3 co 

i| 

EEl 

CO  ff 
-vlll 

*s 

Si 

<5*=  * 5» 

<o 

g« 

»"  O 

0)  o 


0) 

E 

o 

o 

0 

JQ 


5=  O 


CO 

o 

M-  Q) 

3^ 

il5 

nr  ® 
u3£ 

|I| 

ill 

o ®5 

.fjw 
co  is  c 
ot  0 

3*7 

^£8 


■*-  O) 

S| 

LL  £ 


«C  O 

g*i 

ni 

-C  O C 

rs  o 

o 3 S 

LL  o£ 


0 

O 

o 

G) 

c 

■ ■■n 

g 

<D  O) 

£ o 
t:  11 

§2 

to 
o c 

£9 
0 +- 
0^ 
3 CM 

« 4 

w 2 
0) 

a« 

0 c 

e ® 

1 t 
88. 
■o.i 

75  0 

r§ 


423 


Flow  three-dimensionality,  flow  transition,  local  dynamic 
pressure  and  pressure  gradient  influence  the  local  cf  in  a 
decreasing  order. 


hsr  Configuration  Aero  Final  Review  FY97 

HSCT  High  Speed  Aerodynamics 


424 


\ x LJynacs 

V \ / /ENGINEER 


o 


& 

jB 

a 

iS  75 

08 

Io> 

0)  0 
(/>.£ 

£ 

0-0 
O 0) 


a> 

0 

1 

8 


O 


+*  a> 
o c 
0)  c 
3=  3 
a>  *- 

a>"2 


o c 

a) 


r s 

c +- 

3 
O 


o 

o 

CO 


CO 

O) 


o o 


0)  c 

.*  o 

*2  c 

0.2 

<nm 

<0  {2 

2 2 

3 £ 

2 = 

•1* 

i'll 

If  i 

a)  (5  w 
75=2 
aEg 

+-  ro  >, 

co-  © 

Li.  occ 


0)  *- 
c ^T3 

3 2 co 
**  CO  w 
■oca) 
ci  *- 

’i<£ 

i > 

rot  5 . 

o>iS  gio 

c ro.2  i 

|5 1 s 

CO  I 
= .C  X;* 
Os  o 

eg  -2 

® a> 

s^-co 

ISsi 

2t  co  o 
+->  GC  -Q  O 

+-LU  0)  c 

c>  S a> 

®0  = 3 
3 w_r.fi 
.q  >»®  j- 

2"o  o t! 

IB  £ § 

c.2  8 co 

c"0  c "* 
c 0 0 _ 

CO  ^ — 0 


0 a* 

w - ■=  0 

“ Q-5  I 


0 ^-p 
£ O h I 

i_  rr  3 > 


425 


nacB 

/ ENGINEERING  CO.  INC 


This  page  is  intentionally  left  blank. 


426 


High  Speed  Aerodynamics,  Long  Beach 


E 

2 

CO 

~o 

13 

CO 

m 

Cl 


"O 

c 

CO 

CO 

N 

O 

"D 

C 

0 


3 

CO 

DC 


0 

O 

E 

> 

0 

c 

0 

Q_ 

"D 

O 

E 

o 

0 

O 

< 

O) 

C 

C 

o 

*0 

1 

o 

GQ 

O) 

0 

sz 

M— 

c 

o 

o 

\- 

£ 

0 

’> 

0 

DC 


0 

O 

'c 

o 

0 

I- 

0 
E 
2 
v mmm 
< 

DC 

CO 


427 


Los  Angeles,  California 
February  9-13, 1998 


This  page  is  intentionally  left  blank. 


428 


Feasibility  Study  of  a TCA  Symmetric  Model  for 
Accurate  Skin-Friction  Measurements 


Raul  Mendoza  and  P.  Sundaram 
The  Boeing  Company 
Long  Beach,  California  90807-5309 


Computational  results  from  different  CFD  codes  have  been  observed  to 
produce  significant  differences  in  viscous  drag  predictions  for  HSCT 
configurations.  Therefore,  the  HSR  Configuration  Aerodynamics  (CA) 
community  has  proposed  testing  a TCA  symmetric  model  in  an  effort  to 
obtain  wind-tunnel  data  useful  in  the  validation  of  Navier-Stokes  viscous 
drag  predictions.  This  paper  presents  some  initial  computations  to  assess 
the  feasibility  of  such  a model  and  help  define  an  appropriate  test  program. 
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High  Speed  Aerodynamics,  Long  Beach 
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High  Speed  Aerodynamics,  Long  Beach 
TCA  Symmetric  W/B  Configuration  at  a = 0°,  Rec  = 6.36  x 1 06 
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force  integration  to  x = 3148  in.  (full  scale) 


Computational  Results  (Case  2) 
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Variation  of  Pressure  Drag  with  Mach  Number 
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Variation  of  Pressure  Drag  with  Mach  Number 

^ High  Speed  Aerodynamics,  Long  Beach 

TCA  Symmetric  W/B  Configuration  at  a = 0° 

CFL3D,  Euler  and  Navier-Stokes  (Baldwin-Lomax) 
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Mach  Number, 


Variation  of  Total  Drag  with  Mach  Number 
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Variation  of  Total  Drag  with  Mach  Number 

— ^ High  Speed  Aerodynamics,  Long  Beach 

TCA  Symmetric  W/B  configuration  at  a = 0°,  Flight  Reynolds  Numbers 
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Mach  Number,  M 


Summary  of  Drag  Predictions  at  M = 0.5 
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Computational  Results  (Case  3) 
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Variation  of  Viscous  Drag  with  Reynolds  Number 
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Variation  of  Pressure  Drag  with  Reynolds  Number 
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Reynolds  Number  (x  1 06) 


Variation  of  Total  Drag  with  Reynolds  Number 
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Variation  of  Total  Drag  with  Reynolds  Number 

High  Speed  Aerodynamics,  Long  Beach 

TCA  Symmetric  W/B  Configuration  at  a = 0°,  Mm  = 0.5 
CFL3D,  Euler  and  Navier-Stokes  (Baldwin-Lomax) 
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Reynolds  Number  (x  106) 
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Test  Issues  and  Model  Limitations 
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Topics 

• Early  Skin  Friction  Compressibility  Prediction  Attempts 

• Skin  Friction  Prediction  Validation  Studies 

• Prediction  of  Flat  Plate  Turbulent  Layer  Growth 

• Summary  / Conclusions 


Recent  CFD  validation  studies  have  shown  significant  variations  in  viscous  drag  predictions 
between  the  various  methods  used  by  the  NASA  and  industry  HSCT  organizations.  The 
methods  include  Navier  Stokes  CFD  codes  in  which  the  viscous  forces  are  part  of  the 
solutions,  and  predictions  obtained  from  the  different  fully  turbulent  flow  flat  plate  skin  friction 
drag  equations  used  by  the  various  organizations. 

The  initial  objective  of  this  study  was  to  provide  an  experimental  database  of  fully  turbulent 
flow  skin  friction  measurements  on  flat  plate  adiabatic  surfaces  at  subsonic  through 
supersonic  Mach  numbers  and  for  a wide  range  of  Reynolds  numbers.  The  database  could 
then  be  used  as  the  initial  step  in  resolving  the  differences  in  the  viscous  predictions. 

This  database, (Ref  1),  was  originally  assembled  in  1960  from  selected  experiments 
conducted  prior  to  that  time  period.  The  criteria  used  to  select  the  appropriate  test  data  are 
described  in  the  reference.  Data  were  also  found  on  turbulent  boundary  layer  velocity  profiles 
and  it  was  therefore  possible  to  analyze  other  boundary  layer  properties  such  as  shape 
factor,  displacement  thickness  and  boundary  layer  thickness. 

The  data  presented  in  this  note  was  scanned  from  the  figures  in  the  report  and  then  digitized 
using  a highly  accurate  PC  screen  digitizer.  The  digitized  data  will  be  released  in  a report 
early  in  1998. 

In  the  process  of  extracting  the  data,  statistical  analyses  were  made  between  the  test  data 
and  the  corresponding  predictions  of  various  fully  turbulent  flat  plate  skin  friction  prediction 
methods.  An  improved  method  of  predicting  compressible  turbulent  skin  friction  drag  was 
developed. 

Boundary  layer  profile  data  measurements  are  also  included  along  with  a new  method  for 
predicting  boundary  layer  growth  characteristics.  These  include  approximate  velocity  profile 
representation,  boundary  displacement  thickness,  and  boundary  layer  thickness. 
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Why  the  Interest  iri  Flat  Plate  Turbulent  Boundary  layers  ? 

• First  Step  in  Evaluating  Navier  Stokes  Prediction  Methods 

• Help  Sort  Out  Appropriate  Turbulence  Models 

• Good  Estimate  of  Viscous  Drag  of  HSCTType  Configurations 
( Easy,  Quick  , Robust  and  Accurate) 

• PD  Drag  Prediction  Methods 

• Extrapolation  of  Wind  Tunnel  Data  to  Flight  Conditions 

• 5 Predictions  Used  to  Size  Diverter  Height 

• 5*  plus  CF  Predictions  Used  to  Calculate  Spillage  and  Internal 
Drag  of  Flow-Through  Nacelles 

• Quick  Estimate  of  Surface  Temperature 

• Provides  Physical  Insight  into  Viscous  Flow  Characteristics 


It  is  felt  that  the  first  step  in  validating  the  viscous  drag  predictions  of  any  Navier  Stokes  code 
is  to  make  sure  that  predictions  of  the  local  and  average  skin  friction  drag  and  boundary 
layer  must  match  the  “simple”  flat  plate  measured  test  data  over  the  range  of  Mach  numbers 
and  Reynolds  for  which  the  codes  will  be  used.  This  process  will  help  to  evaluate  the 
applicability  of  of  the  various  turbulence  models. 

Because  HSCT  configurations  have  rather  thin  wings,  slender  bodies  and  low  cruise  lift 
coefficients,  experience  has  shown  that  flat  plate  skin  friction  calculations  provide  good 
estimates  of  the  viscous  drag  of  HSCT  type  configurations.  The  predictions  are  easy,  quick, 
robust  and  quite  accurate. 

The  current  PD  viscous  drag  prediction  methods  are  based  on  flat  plate  skin  friction  drag 
calculations.  Currently  wind  tunnel  data  is  extrapolated  to  flight  conditions  using  flat  plate 
friction  drag  predictions. 

Flat  plate  estimates  of  the  boundary  layer  thickness  are  used  as  the  preliminary  criteria  for 
specifying  the  boundary  layer  diverter  height  for  the  HSCT  nacelle  installations.  Boundary 
layer  displacement  thickness  predictions  together  with  CF  calculations  are  used  to  calculate 
the  spillage  and  internal  drag  of  wind  tunnel  flow  though  nacelles. 

Local  skin  friction  calculations  corrected  for  local  dynamic  pressure  effects  can  be  used  to 
estimate  local  surface  temperatures. 


The  boundary  layer  thickness  information  presented  in  this  note  also  provides  some  physical 
insight  in  to  the  fundamental  features  of  turbulent  flat  plate  flow. 
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Early  Predictions  of  Compressibility  Effects  on  Skin  Friction 


The  initial  objective  of  the  study  in  Reference  1 , was  to  determine  the  most  appropriate  semi 
- empirical  method  for  accounting  for  compressibility  effects  on  flat  plate  skin  friction  drag. 

Chapman  and  Kester  in  Reference  5,  after  a study  of  approximately  20  theoretical  methods 
being  proposed  at  that  time,  found  at  Mach  2.5,  calculated  values  of  the  ratio  of 
compressible  skin  friction  drag  to  incompressible  skin  friction  drag,  (Cf/Cfi),  varied  from  0.98 
to  0.56  depending  upon  which  method  was  used.  Where  as  measured  values  for  this  ratio 
varied  from  about  0.67  to  0.65  over  a Reynolds  range  of  5.5  x 106  to  8.5  x 1 07.  The 
different  predictions  are  shown  in  the  above  figure  from  Reference  2. 

In  order  to  establish  the  validity  of  the  skin  friction  coefficient  relation;  an  extensive  survey 
was  made  in  Reference  1 , to  gather  reliable  experimental  data  from  many  independent 
sources.  A rigid  set  of  criteria  was  adopted  as  a means  of  selecting  data  for  a systematic 
study.  This  was  done  to  insure  that  the  test  conditions  closely  approximate  the  theoretical 
model,  and  that  both  the  measurement  and  reduction  techniques  were  such  as  to  yield 
accurate  information. 


The  most  significant  of  these  requirements  were: 

1 . Use  only  of  data  obtained  by  direct  force  measurements.  Reference  9, 16,  25  and  26 
discuss  the  relative  merits  of  various  skin  friction  measurement  echmques.  The  general 
conclusion  is  that  the  most  accurate  data  are  obtained  by  direct  force  measurements. 

2.  The  flow  over  the  experimental  model  was  to  be  properly  tripped  to  satisfy  the  condition  of 
fully  turbulent  flow. 

3 Measurements  were  to  be  made  at  stations  far  enough  downstream  of  the  trips  to  allow 
the  flow  to  reach  a ''naturally''  turbulent  character. 

4.  Experimental  results  were  to  be  presented  in  terms  of  the  properly  determined  effective 
turbulent  length. 
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Reference  Temperature  Approach 

• Incompressible  Skin  Frictions  Equations  Can  be  Used  to  Calculate 
Compressible  Skin  Friction  if  an  “Appropriate”  Reference  Temperature 
is  Used  To  Calculate  p and  \i  in  the  equations: 

eg:  an  = o.295[iog(Rc  x)]  " 4'  — Modified  Schultz-Grunow  Eqn 

cf  = — or  Rex‘  = Rex-tt- 

p - JOL  H 

• Assuming  the  Static  Pressure  is  Constant  Across  the  Boundary  Layer: 

p 

P-  T‘ 

• The  Compressible  Skin  Friction  Equation  becomes: 

t r f t yr5  45 

Cf  = 0.295—  log  Rex- — =- 

T L v T ^ Jj 


It  is  perhaps  worth  emphasizing  the  empirical  nature  of  what  is  called  "theory"  in  this  report 
and  the  necessity,  therefore,  that  this  theory  should  be  compared  with  data  from  more  than 
one  source.  The  basis  of  the  theory  selection  was;  first,  it  had  to  agree,  of  course,  with  test 
data  within  the  scatter  of  that  data,  and  secondly,  it  had  to  be  based  on  good  physical 
reasoning.  All  of  the  theoretical  flat  plate  formulations  involve  disposable  constants  that  have 
been  determined  empirically.  Thus,  as  is  the  rule  for  all  empirical  formulae,  the  theory  should 
be,  strictly  speaking,  only  be  applied  where  it  has  been  justified  by  experiment;  however, 
because  there  is  a physical  basis  to  this  theory,  it  is  believed  that  some  extrapolation  should 
be  permissible.  This  is  equally  true  for  current  Navier  Stokes  CFD  codes  where  viscous  flow 
effects  are  determined  using  various  turbulence  models  which  approximate  the  flow 
phenomena. 

Statistical  analyses  of  the  differences  between  the  flat  plate  theory  and  the  test  data  will  be 
used  to  establish  both  the  consistency  of  the  test  data,  and  the  adequacy  of  the  theoretical 
predictions.  This  will  allow  more  effective  use  of  the  data  for  use  in  CDF  viscous  drag 
prediction  validation  studies. 

All  of  the  skin  friction  theories  shown  in  the  previous  figure  were  developed  by  assuming  that 
compressible  turbulent  skin  friction  drag  could  be  obtained  using  well  known  incompressible 
skin  friction  equations  by  evaluating  all  of  the  fluid  properties  that  appear  in  the 
incompressible  equations  at  some  appropriate  reference  temperature,  T*.  This  assumption 
parallels  the  analytical  transformation  methods  that  had  been  used  in  laminar  boundary 
compressible  flow  analyses. 

The  assumption  of  an  effective  reference  temperature  in  essence  implies  that  the  turbulent 
boundary  shape  and  height  are  not  strongly  affected  by  Mach  number.  This  will  be  further 
examined  in  this  paper. 
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Methods  Used  To  Determine  a Reference  Temperature 


• Similar  to  Laminar  Flow  Transformation 

• For  Adiabatic  Wall  Conditions  The  Reference  Temperature  Equation  is 
of  the  Form: 

T-  = l + Krr(a-l)Mj 


• “Constant”  Kr  Determined  By: 

- Wall  Temperature  ( Correction  Too  Large ) 

- Determined  Experimentally  --  Sommer  / Short 

- Correlation  of  Experimental  Cf  data  --  Kulfan;  Spaulding  / Chi;  White 

- Velocity  Averaged  Enthalpy  Across  the  Boundary  Layer  - Monaghan 

- Semi-Analytic  --  Van  Driest 


Numerous  ideas  were  for  an  appropriate  reference  were  proposed  by  the  various 
researchers.  This  accounts  for  the  widely  differing  predictions  of  compressibility  effects  on 
skin  friction  drag  as  shown  in  Figure  4.  Some  of  the  early  concepts  used  to  define  the 
reference  temperature  equation  coefficients  are  shown  in  the  figure. 

These  include: 

- Use  of  the  surface  temperature  - — this  provided  too  large  a compressibility  correction 

- Determined  experimentally  by  specially  designed  experiments,  — Sommer  / Short  (Ref 

12) 

- Determine  by  correlation  of  Cf  predictions  with  test  data.  — Spaulding  / Chi  (Ref  2), 
White  (Ref  2),  Kulfan  ( shown  later  in  this  report). 

- Velocity  averaged  enthalpy  across  a boundary  layer  — Monoghan  (Ref  27) 

- Semi-analytic  formulations  - Van  Driest  (Ref  2) 
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Current  Approach 

• Use  Existing  Local  Skin  Friction  Data  to  Validate  Incompressible  Equation 

• Selected  “Quality”  Data  from  Many  Sources 

• Statistical  Analysis  to  Assess  Scatter  of  Data  and  Consistency  of  Predictions 

• Use  Selected  Reference  Temperature  Equation(s)  to  Transform  Experimental 
Values  of  “Rex”  and  “Cf”  to  Equivalent  Incompressible  Values. 

• Statistical  Analysis  to  Assess  Scatter  of  the  Experimental  Data  and  the  ability 
of  the  Reference  Temperature  to  Convert  the  Measured  Friction  Data  to 
Equivalent  Incompressible  Values. 

• Apply  to  Selected  Reference  Temperature  equation(s)  to  Existing  CF  Data 
as  Additional  Verification 

Cf Local  Skin  Friction  Coefficient 

CF Average  Skin  Friction  Coefficient 


In  the  current  study  the  reference  temperatures  selected  for  evaluation  included:  the 
Monagham  mean  enthalpy  equation,  and  the  Sommer  / Short  equation.  Previous  studies 
have  shown  both  to  provide  accurate  assessments  of  compressible  skin  friction.  The 
Sommer  / Short  method  is  the  current  method  used  in  Boeing  Seattle  PD  methods. 

Experimentally,  it  is  much  easier  to  obtain  force  measurements  of  local  skin  friction  drag  then 
of  average  skin  friction  drag.  Consequently,  the  initial  step  in  the  current  evaluation  process 
was  to  compare  incompressible  local  skin  friction  data  with  the  most  generally  accepted 
incompressible  skin  friction  equations.  Data  from  many  different  sources  were  used. 

The  selected  reference  temperature  were  then  used  to  transform  measured  compressible 
local  skin  friction  data  to  equivalent  incompressible  Cf  and  Reynolds  numbers.  Statistical 
analyses  of  the  transformed  compressible  friction  data  were  compared  with  the 
incompressible  predictions,  to  assess  the  adequacy  of  the  selected  reference  temperatures 
to  account  for  the  compressibility  effects. 

Subsequently,  the  same  process  was  then  applied  to  available  average  skin  friction  data. 
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The  most  widely  accepted  in  compressible  local  skin  friction  equation  is  the  Karmen  / 
Schoenherr  equation: 


= 4.15  log(Rex  Cfi)  + 1.7 

This  is  compared  in  this  figure  with  the  less  sophisticated  modified  Shultz  / Grunow  equation. 
Cfi  = 0.295  • (Log (Re  x))-2  45 

The  modification  was  simply  replacing  the  standard  constant  “0.288”  by  “0.295”. 

The  “mean”  difference  between  the  Cf  values  calculated  by  the  Karmen-Schoenherr 
equation  and  by  the  modified  Shultz-Grunow  equation  was  -0.0000031  over  the  complete 
Reynolds  number  range.  The  standard  deviation  was  calculated  to  be  0.00000452. 
Consequently,  the  simpler  Shultz  / Grunow  equation  was  used  in  the  current  study. 


1 
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This  figure  compares  measured  incompressible  local  skin  friction  data  from  References  15, 
25and  39.  The  test  data  appears  to  scatter  about  the  theoretical  predictions  for  the  entire 
Reynolds  number  range  of  the  test  data. 


o 
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Statistical  analysis  of  the  differences  between  the  test  data  and  corresponding  Cf  predictions 
shows  that  the  mean  of  the  differences  is  ACf  = -.000000671  which  corresponds  to  an 
average  difference  of  0.13%  .The  standard  deviation  of  data  about  the  mean  is 
approximately  0.7  counts  of  drag  ( ACf  = 0.000067)  which  corresponds  to  2.8%  of  the 
corresponding  predicted  value. 

The  constant  0.288  in  the  original  Shultz  / Grunow  equation  would  result  in  a mean 
difference  between  the  test  and  theory  of  - 2.6% 

The  modified  Shultz  / Grunow  equation  therefore  appears  to  provide  an  accurate  estimate  of 
incompressible  local  skin  friction  coefficient  over  the  entire  range  of  Reynolds  Numbers 
covered  by  the  test  data. 
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This  figure  includes  comparisons  of  the  predicted  effects  of  Mach  number  on  the  ratio  of 
compressible  skin  friction  to  incompressible  skin  friction  at  the  same  Reynolds.  The 
experimental  data  are  from  thirteen  independent  experiments.  The  sources  of  the  test  data 
are  given  in  References  1 and  2.  The  test  data  correspond  to  Reynolds  number  between 
106  and  107.  The  theoretical  predictions  shown  in  the  figure  were  obtained  using  the 
Monaghan  T*  equation.  The  predictions  appear  to  match  the  Mach  number  trends  quite  well. 
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This  figure  shows  the  elements  of  the  compressibility  corrections.  The  reference  temperature 
reduces  the  kinematic  viscosity  and  therefore  decreases  the  effective  Reynolds  number. 

This  increases  the  effective  skin  friction  coefficient.  The  dynamic  pressure  effect  associated 
with  reduction  in  effective  density  overpowers  the  kinematic  viscosity  and  results  in  the 
reduced  skin  friction  coefficient  when  corrected  back  to  free  stream  reference  conditions. 
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This  compares  the  compressible  skin  friction  predictions  obtained  using  the  Monaghan  T* 
equation  with  the  predictions  obtained  using  the  Sommer-Short  T*  equation. 

The  Sommer-Short  T*  equation  results  in  compressible  skin  friction  values  consistently 
higher  than  predicted  using  the  Monaghan  method.  It  was  for  this  reason  that  the  Boeing  US 
SST  program  switched  from  the  Monaghan  method  to  the  Sommer-Short  method. 

The  full  scale  SST  performance  predictions  were  obtained  from  wind  tunnel  data  corrected  to 
full  scale  conditions.  Wind  tunnel  skin  friction  drag  is  higher  than  the  full  scale  conditions. 
Using  higher  skin  friction  values  calculated  by  the  Sommer  -Short  method  resulted  larger 
skin  friction  corrections.  This  resulted  in  higher  LTD  assessments  for  the  SST. 
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Evaluation  of  Reference  Temperature  Equations 
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Statistical  analyses  of  the  differences  between  Cf  predictions  and  the  corresponding  test 
data  are  shown  in  this  figure.  The  theoretical  predictions  were  obtained  using  three  different 
T*  equations. 

The  “scatter”  in  the  test  - theory  increments  are  essentially  equal.  The  mean  of  the 
differences  between  the  test  and  theory,  however  differs  between  the  predictions  obtained 
using  the  different  T*  equations. 

The  “mean”  of  the  theory  - test  differences  obtained  using  the  Monaghan  T*  equation  is 
approximately  1 % low.  The  “mean”  of  the  theory  - test  differences  obtained  using  the 
Sommer-Short  T*  equation  is  approximately  1%  high.  The  constant  for  the  Kulfan  T* 
equation  was  therefor  chosen  to  be  the  average  of  the  Sommer-Short  and  the  Monaghan 
constants. 

This  essentially  resulted  in  a mean  error  between  the  test  data  and  the  theoretical 
predictions  of  zero. 


The  test  data  scatter  about  the  mean  has  a standard  deviation  of  about  4.5%.  This  large 
scatter  is  in  part  due  to  the  variations  of  Reynolds  number  of  the  test  data.  The  Reynolds 
number  for  the  test  data  106  to  107. 
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This  figure  contains  comparisons  of  theoretical  predictions  of  Cf  with  test  data  for  three  Mach 
numbers  from  0.0  to  approximately  3.0. 

The  theory  in  this  figure  used  the  Kulfan  T*  equation. 


491 


In  order  to  assess  the  accuracy  of  the  Cf  predictions  to  account  for  compressibility  or  Mach 
number  effects,  the  test  data  were  converted  to  equivalent  incompressible  values  of  Cfi  and 
Reynolds  number. 

An  example  of  this  transformation  is  shown  in  the  Figure, 

The  Equivalent  incompressible  Reynolds  number  is  less  than  the  actual  test  Reynolds 
number.  The  equivalent  incompressible  skin  friction  coefficient  is  higher  than  the  actual 
measured  skin  friction  coefficient. 
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This  transformation  procedure,  as  shown  in  the  Figure,  “collapses”  all  of  the  test  data  about 
the  incompressible  skin  friction  curve.  This  approach  can  provide  a convenient  means  to 
assess  the  accuracy  of  the  theoretical  methods  to  account  for  compressibility  effects 
simultaneously  over  a range  of  Mach  numbers  and  Reynolds  numbers. 
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This  shows  transformed  experimental  data  for  six  different  sets  of  test  data  obtained  at  Mach 
numbers  from  1 .7  to  2.95.  The  incompressible  Mach  number  data  form  the  previous  plot  has 
not  been  included  in  the  above  figure  since  it  is  desired  to  assess  the  ability  of  the  different  T* 
equations  to  account  for  Mach  number  effects  on  skin  friction. 

The  figure  includes  the  statistically  determined  differences  between  the  transformed  equivalent 
incompressible  skin  friction  and  the  modified  Shultz-Grunow  theoretical  Cf  predictions.  The 
Kulfan  T*  equation  was  used  for  the  transformation  process.  The  “mean”  of  the  differences 
between  the  transformed  skin  friction  data  and  the  incompressible  Cf  predictions  is  essentially. 

The  “ scatter”  of  the  test  has  a standard  deviation  of  about  1 drag  count  ( ACf  - 0.0001).  This 
corresponds  to  about  a 3.8%  scatter  of  the  test  data  about  the  theoretical  Cf  predictions  over 
the  entire  Reynolds  number  range  and  Mach  number  conditions  represented  by  the  test  data. 


The  table  below  shows  the  results  obtained  different  T*  equations.  On  the  average,  the 
Monaghan  predictions  tend  to  underestimate  the  test  data  by  about  0.3  counts  or  1 .2  /o  and 
the  Sommer-Short  predictions  are  about  0.3  counts  high  corresponding  to  about  1.0%.  The 
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The  “scatter”  in  the  compressible  theoretical  - experimental  transformed  skin  friction 
increments  are  only  slightly  higher  than  the  scatter  in  the  incompressible  data  shown  in  figure 
10.  ( 0.7  counts  versus  1 count).  This  is  most  likely  because  the  transformation  to  equivalent 
Cfi  amplifies  the  magnitude  of  the  Cf  values  and  hence  the  absolute  differences. 
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The  most  widely  accepted  in  compressible  local  skin  friction  equation  is  the  Karmen  / 
Schoenherr  equation: 


^Ulog(Rex-CFi) 


This  is  compared  in  this  figure  with  the  less  sophisticated  modified  Prandtl  / Schlichting 
equation. 

Cfi  = 0.463  - (Log(Re  x))-2  6 

The  modification  was  simply  replacing  the  standard  constant  “0.460"  by  “0,463”.  The  mean 
difference  between  the  CF  values  calculated  by  the  Prandtl-Schlichting  equation  and  by  the 
Karmen-Schoenherr  equation  was  -0.0000013  over  the  complete  Reynolds  number  range. 
The  standard  deviation  was  calculated  to  be  0.00000678.  Consequently,  the  simpler 
modified  Prandtl-Schlichting  equation  was  used  in  the  current  study. 

It  is  interesting  that  though  out  their  technical  careers.  Prandtl  and  Von  Karmen  often  tackled 
the  same  fluid  dynamic  problem.  Their  results  almost  always  differed  in  the  analytical 
formulations  and  the  form  of  the  equations  describing  the  flow  phenomena.  Computed 
results  were  always  within  a few  percent  of  each  other. 
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Comparisons  between  theoretical  and  experimental  average  skin  friction  data  are  shown  in 
the  figure.  The  lack  of  additional  test  data  is  attributed  to  the  difficulty  in  obtaining  average 
skin  friction  data  by  direct  force  measurements.  Most  often,  average  skin  friction  data  are 
obtained  by  application  of  the  momentum  integral  equation  to  boundary  layer  velocity  profile 
measurements.  The  uncertainties  of  the  interference  between  the  pitot  probes  used  for  the 
measurements  and  the  surface  introduces  errors  that  are  difficult  to  correct. 

The  data  shown  in  the  Figure  for  Mach  2.0  and  Mach  2.5,  were  obtained  from  force 
measurements  on  the  cylindrical  portion  of  a cone-cylindrical  body  of  revolution.  The  Mach 
1 .61  data  were  obtained  with  an  ogive  - cylinder  body  of  revolution.  Three  dimensional 
effects  are  considered  to  be  small  on  the  cylindrical  sections.  However  determining  the 
“effective  origin”  for  the  flow  over  the  cylindrical  can  certainly  introduce  substantial  errors. 

The  theoretical  predictions  match  the  Mach  2.0  and  Mach  2.5  data  quite  well.  Theory  under 
estimated  the  friction  drag  at  Mach  1 .6.  This  is  believed  to  be  due  to  a bias  in  the  test  data. 


The  results  of  the  data  correlations  shown  in  this  paper  indicate  that  comparisons  with  local 
skin  friction  data  is  the  best  approach  to  evaluate  any  methods  for  prediction  of  flat  plate  skin 
friction  drag. 
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The  Edge  of  a Turbulent  Boundary  Layer  is  Sharp  But  Very  Irregular 


In  the  current  HSCT  studies  estimates  of  the  boundary  layer  height  are  used  to  specify  the 
height  of  the  boundary  layer  diverter  to  keep  the  inlet  from  ingesting  portions  of  the  boundary 
layer. 

During  the  course  of  the  investigation  described  in  Reference  1,  experimental  measurements 
of  velocity  profiles  were  found.  It  was  also  then  possible  to  study  the  growth  characteristics 
of  a turbulent  boundary  layer  over  a flat  plate.  A method  was  developed  to  predict  the  growth 
of  a turbulent  boundary  layer  on  a flat  plate.  This  method  has  been  revised  in  the  current 
study. 

The  edge  of  a turbulent  boundary  layer  bounded  by  a free  stream  of  negligible  turbulence 
has  a sharp  but  very  irregular  outer  limit  as  shown  above.  The  velocity  tends  to  approach  the 
free  stream  velocity  asymptotically.  Hence  the  definition  of  the  thickness  of  a turbulent 
boundary  layer  is  subject  to  many  variations.  A common  definition  of  the  edge  of  the 
boundary  layer,  5,  is  the  height  at  which  the  velocity  is  equal  to  some  percentage  of  the  free 
stream  value.  Typically  a value  of  0.995  is  used. 
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Parameters  Used  to  Characterize  the  Growth  of  a Boundary  Layer 


• Boundary  Layer  Thickness,  8 


• Displacement  Thickness,  8* 

r p>  ia  ~i 
Sm  = fl  1 

; L J 

* Momentum  Thickness,  0 
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• Shape  Factor,  H 


H = 8’  / 6 


Because  of  the  asymptotic  nature  of  a turbulent  boundary  layer,  other  parameters  are  often 
used  to  characterize  the  boundary  layer  growth.  These  include  the  displacement  thickness, 

8*  , the  momentum  thickness,  0,  and  the  shape  factor  H. 

The  displacement  thickness  defines  the  amount  that  the  flow  streamlines  diverge  around  the 
surface  because  of  the  boundary.  Calculations  of  the  displacement  thickness  are  used  in  the 
estimation  of  the  spillage  characteristics  and  the  internal  drag  of  flow-through  nacelles  on 
wind  tunnel  models. 


The  momentum  thickness  on  a flat  plate  is  directly  related  to  the  average  skin  friction 
coefficient  as: 


0 = (X  CF)/2 

One  technique  used  to  determine  average  skin  friction  on  a flat  plate  to  measure  the  velocity 
profile,  integrate  the  experimental  velocity  profile  to  obtain  q.  Then  the  average  skin  friction 
coefficient  is  calculated  using  the  above  equation. 


The  shape  factor,  H,  is  often  used  to  predict  the  separation  tendency  of  a boundary  layer 
with  an  adverse  pressure  gradient. 
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Calculation  Of  Boundary  Layer  Characteristics 

1 . Approximate  Velocity  Profile  as:  u 
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UJ 

2.  Determine  “N”  Experimentally 

3.  Calculate  5*  From  : 5‘  = 0*Hj*  tt-] 
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Often  in  boundary  layer  studies,  it  is  convenient  to  represent  the  velocity  profile  by  a power 
law  relation  of  the  form:  i 

u _ f 

uT=UJ 

This  approximate  form  of  the  turbulent  boundary  velocity  profile  has  been  used  to  develop  a 
four  step  process  for  predicting  the  boundary  layer  thickness.  The  boundary  layer  thickness 
is  defined  as  the  height  at  which  the  velocity  is  essentially  equal  to  the  free  stream  velocity. 

The  elements  incorporated  in  the  process  for  calculating  the  boundary  layer  thickness  are 
summarized  above,  and  will  be  discussed  in  greater  detail  in  subsequent  figures. 
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Experimental  and  Approximate  Velocity  Profile 
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Height  Above  Surface,  Y Inches 


The  disposable  constant  for  the  empirical  equation  has  been  determined  from  correlations  of 
a large  number  of  measured  velocity  profiles  from  six  independent  sources. 

This  figure  is  a typical  logarithmic  plot  of  experimental  profile  measurements  and  shows  the 
approximate  velocity  profile  representation.  Plots  such  as  this  indicate  that  the  region  on  the 
boundary  layer  near  the  surface,  and  the  upper  portion  can  each  be  represented  by  a distinct 
straight  lines.  This  is  indeed  as  it  should  be,  since  a more  accurate  description  of  a turbulent 
boundary  layer  requires  the  use  of  two  functions. 

These  include  the  “law  of  the  Wall’’  which  applies  near  the  surface  and  the  “Law  of  the  Wake” 
which  applies  to  the  intermediate/outer  portion  of  the  boundary  layer,  ( References  16,19,23 
28,29).  These  straight  lines  were  used  to  systematically  select  a mean  line  representation  of 
the  entire  boundary  layer. 

The  velocity  profile  exponent  “N”  is  determined  by  the  slope  of  the  mean  line.  The 
corresponding  value  of  the  boundary  layer  thickness,  8,  is  defined  as  the  height  where  the 
mean  line  intersects  the  value  of  u/U0  =1.0 
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Experimental  and  Approximate  Velocity  Profiles 


This  is  a conventional  plot  of  the  velocity  profile  data  shown  in  the  previous  chart. 

The  various  boundary  layer  growth  characteristics  were  calculated  from  the  measured 
velocity  profile  data  and  also  using  the  approximate  “power  law”  velocity  profile.  The  results 
are  summarized  in  the  table  below. 
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The  approximate  velocity  profile  “matched”  to  fit  the  experimental  velocity  profile  by  the 
process  described  on  the  previous  page,  does  provides  a good  approximation  to  the 
turbulent  boundary  layer  growth  characteristics. 
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Incompressible  velocity  profile  data  from  a number  of  independent  sources  were  used  to 
determine  “appropriate"  values  of  N to  represent  a turbulent  boundary  layer.  The  results  as 
shown  in  this  figure,  indicate  that  the  value  of  “N"  is  strongly  dependent  on  Reynolds 
number. 

The  equation  shown  in  the  figure  was  developed  in  the  current  study  to  represent  the  effect 
of  Reynolds  number  on  “N”  as  determined  from  the  experimental  data. 
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The  data  in  this  figure  are  values  of  “N”  determined  from  compressible  boundary  layer 
measurements  for  a number  of  Mach  numbers  from  1 .5  to  4.2.  The  compressible  values  of 
“N”  appear  to  scatter  about  the  empirical  equation  that  was  developed  from  the 
incompressible  velocity  profile  data. 

Thus  is  appears  that  the  shape  of  a turbulent  depends  on  Reynolds  number  but  is 
independent  of  Mach  number. 

This  result  should  not  be  surprising  for  it  is  implied  by  the  concept  of  the  reference 
temperature  approach  to  calculate  supersonic  skin  friction  drag.  Skin  friction  depends  on  the 
shape  of  the  boundary  layer  as  well  as  the  density  and  viscosity  in  the  boundary.  The 
reference  temperature  method  as  defined  earlier  in  this  note  assumes  that  compressibility 
only  changes  the  effective  values  if  density  and  viscosity.  Hence,  Mach  number  doesn't 
change  the  velocity  profile  shape. 

Developing  an  analytic  expression  for  “N”  was  the  second  step  in  the  process  for  developing 
a method  to  predict  the  boundary  layer  thickness. 
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Incompressible  Shape  Factor  Data 
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In  incompressible  flow  the  boundary  layer  displacement  thickness  and  momentum  thickness 
equations  are: 

s'-jll-f— 1 idy 
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o = f I 1 — i I |dy 

oU-L 

h = 8’  / e 

In  incompressible  flow,  the  value  of  H for  a flat  plate  turbulent  flow  is  a unique  function  of  the 
“shape”  of  the  boundary  layer. 

In  principal,  the  variation  of  H with  Reynolds  number  could  be  determined  from  the 
approximate  velocity  profile  shape  and  the  empirical  equation  for  “N”.  As  previously  shown, 
the  approximate  velocity  profile  shape  provides  a very  good  estimate  for  8* . The  values  for 
both  0 and  H calculated  using  the  approximate  velocity  profile  are  not  as  accurate. 
Consequently,  it  was  decided  to  use  an  equation  for  H developed  by  Clauser  (presented  in 
Ref  28)  based  on  a more  sophisticated  representation  of  the  boundary  layer  based  on  the 
“velocity  defect"  concept.  Experimental  values  of  the  incompressible  shape  factor,  Hi,  are 
compared  with  a modified  version  of  Clauser’s  equation  in  which  the  constant  4.75  replaced 
Clauser’s  original  value  of  4.31 . 

Also  shown  in  the  figure  are  analytic  values  for  Hi  calculated  by  Coles  (presented  in  Ref  35) 
using  “log"  wall  relations  for  the  boundary  layer. 
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Mach  Number  Effect  on  Boundary  Layer  Shape  Factor 

Reynolds  Number  = 4x1 06  to  30x1 06 


_ _ Mach  Number 

Theory 

♦ Shmu.  W.  H..ct  al 
O Ruhesin.  M.  W..  el  al 


Following  Monaghan  (Ref  27),  the  shape  factor  for  the  turbulent  boundary  layer  on  a flat 
plate  can  be  related  to  the  incompressible  value  Hi,  the  free  stream  temperature  T„  the  wall 
temperature  Tw,  and  the  recovery  temperature  Tr,  by  the  equation: 

h ( -rw  Wt  ''i 

— =i-h|—  -1  |-t-|  — -ll 
Hi  IT  ) I^T_  ) 

For  an  insulated  surface  this  equation  becomes: 

i i 

= 1 -+- 

Mi 

Experimental  data  shown  in  the  figure  appears  to  validate  this  equation.  Hence,  the  shape 
factor  for  fully  turbulent  flat  plate  flow  can  be  can  be  calculated  as  the  product  of  two  factor. 
One  factor  depends  only  on  Reynolds  number  and  the  second  factor  depends  only  on  Mach 
number. 

The  equation  implies  that  boundary  layer  displacement  effects  become  much  larger  than  the 
momentum  thickness  as  Mach  number  increases. 
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We  now  have  developed  all  the  ingredients  to  calculate  the  boundary  layer  thickness  for  fully 
turbulent  flat  plate  flow  using  the  process  shown  in  figure  23. 


Calculations  of  the  variation  of  incompressible  flat  plate  boundary  layer  thickness  are 
compared  with  test  data  from  reference  1.  The  theoretical  predictions  obtained  using  this 
process  closely  matches  the  test  data. 
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The  boundary  layer  displacement  thickness  can  be  calculated  by  the  shape  factor  equations 
and  the  average  flat  plate  skin  friction  coefficient  as: 


<5*  Hi  H 

= CF 

X 2 Hi 

Predictions  of  incompressible  displacement  thickness  are  compared  with  test  data  in  the 
figure.  The  agreement  between  the  theory  and  the  test  data  is  quite  good. 
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Compressibility  Effects  on  Boundary  Layer  Thickness 


Boundary  Layer  Thickness  Boundary  Layer  Displacement  Thickness 

5/ X xlOO  $*/X  xlOO 


Mach  - 0.0 

Mach  *1.0 

Mach  = 2.0 
— Mach  - 3.0 


Boundary  layer  thickness  and  displacement  thickness  have  been  calculated  for  a range  of 
Reynolds  numbers  and  Mach  numbers  from  0 to  3 using  the  methods  presented  in  this 
paper. 

The  overall  boundary  layer  thickness  is  seen  to  be  relatively  insensitive  to  Mach  number. 
The  boundary  layer  displacement  thickness,  however,  grows  rapidly  as  Mach  number 
increases. 
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Compressible  boundary  layer  thickness  predictions  are  compared  with  test  data  in  this 
Figure  for  Mach  numbers  of  1 .7,  2.0  and  3.0.  Although  there  is  quite  a bit  of  data  scatter,  the 
data  appears  to  validate  the  boundary  layer  thickness  predictions. 

The  fourth  figure  contains  the  incompressible  data  from  the  previous  figure  and  the  three 
sets  of  compressible  data.  This  appears  to  substantiate  the  conclusion  that  the  thickness  of  a 
turbulent  boundary  layer  is  indeed  relatively  insensitive  to  Mach  number. 
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4 Conclusions 

* Modified  Incompressible  Equations  and  Improved  T7T  Method 
Predict  “Mean’4  of  Available  Flat  Plate  Skin  Friction  Drag  Measurements 

* New  Methods  Presented  That  Appear  to  Provide  Good  Estimates 
of  Boundary  layer  Thickness  and  Displacement  Thickness 

* Compressibility  Effects  Have  Very  Little  Effect  on  The  Shape  or  Height 
of  the  Turbulent  Flat  Plate  Velocity  Profile. 

* Boundary  Layer  Displacement  Thickness  Increases  Rapidly  With  Mach  Number 

* Comparisons  of  Navier  Stokes  CFD  Predictions  of  Flat  Plate  Turbulent  Skin 
Friction  Drag  and  Boundary  Layer  Growth,  With  the  Test  Data  and  / or  Theory 
Presented  in  This  paper,  is  considered  to  be  a Necessary  and  Vital  Step  to 
Validating  the  Codes  For  HSCT  Viscous  Drag  Predictions  . 

* Need  Additional  / Quality  Experimental  CF  Data: 

- Locate  Available  Existing  Data 

- Symmetric  Model  Tests 

- Segmented  Axisymmetry  Body  of  Revolution 

- Utilize  TU-144  Flight  Test  Data 

- ??? 


The  modified  incompressible  CF  equations  and  the  improved  T*  equation  presented  in  the 
paper  appear  to  consistently  match  the  test  better  than  the  other  flat  plate  CF  methods 
currently  in  use  on  the  HSCT  program.  It  is  recommended  that  the  methods  presented  here, 
be  adapted  as  the  official  HSCT  flat  plate  calculation  methods. 

The  boundary  layer  thickness,  and  displacement  thickness  calculations  methods  presented 
in  this  paper  seem  to  be  validated  by  the  existing  data. 

Compressibility  effects  have  little  effect  on  either  the  shape  or  height  of  a turbulent  boundary 
layer.  The  displacement  thickness  however  varies  rapidly  with  increasing  Mach  number. 

Comparisons  of  Navier-Stokes  predictions,  of  the  skin  friction  drag  and  boundary  layer 
growth  characteristics  for  fully  turbulent  flat  plate  flow,  with  the  theory  and/or  test  data 
presented  in  this  paper  is  considered  to  be  a necessary  and  vital  step  in  validation  of  the 
CFD  codes  for  HSCT  viscous  drag  predictions.  This  is  just  the  first  step  in  the  total  validation 
process  that  may  also  include  comparisons  with  data  from  tests  of  a symmetric  HSCT  type 
configuration,  or  data  from  tests  of  a long  segmented  cone/cylinder  body,  and  utilization  of 
the  newly  acquired  TU-1 44  flight  test  data. 
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CA  Testing  Workshops: 
Process,  Issues,  Results 


Robert  A.  Kennelly,  Jr. 
NASA  Ames  Research  Center 

Los  Angeles,  CA 
February  9-13,  1998 


Robert  Kennelly 


The  Configuration  Aerodynamics  test  team  has  met  for  weekly 
telecons  since  August  1996,  and  its  members  have  worked  together  on 
a number  of  tests.  But  the  group  wished  to  gather  and  exchange 
thoughts  away  from  the  heat  of  battle,  and  their  collective  wish  was 
granted  on  a trial  basis  in  the  spring  of  1997.  The  CA  ITD  team 
authorized  an  informal  workshop  to  be  held  at  Ames  Reseach  Center 
for  the  purpose  of  addressing  some  of  the  concerns  which  had  arisen  in 
the  course  of  testing  the  Tech  Concept  and  its  predecessors.  This  was 
the  first  time  that  team  members  from  all  four  sites  had  been  able  to 
meet  together  to  concentrate  on  testing  issues. 
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Outline 


• Process 

- Who,  what,  where,  when,  why... 

• Issues 

- General  confab  in  1 st  workshop 

- Reviewed  NCV  test  in  2nd 

• Results 

- Selected  topics  in  more  detail 

» Low-speed  trip  dot  testing 
» Alternate  trip  configurations 
» Trip  drag  & laminar  run  correction 

- Future  "grit  drag”  tests 


Robert  Kennelly 


This  presentation  will  describe  the  organization  and  conduct  of  the 
workshops,  list  the  topics  discussed,  and  conclude  with  a more-detailed 
examination  of  a related  set  of  issues  dear  to  the  presenter’s  heart. 

Because  the  current  HSCT  configuration  is  expected  to  have 
(mostly)  turbulent  flow  over  the  wings,  and  because  current  CFD 
predictions  assume  fully-turbulent  flow,  the  wind  tunnel  testing  to  date 
has  attempted  to  duplicate  this  condition  at  the  lower  Reynolds 
numbers  attainable  on  the  ground.  This  frequently  requires  some  form 
of  artificial  boundary  layer  trip  to  induce  transition  near  the  wing’s 
leading  edge.  But  this  innocent-sounding  goal  leads  to  a number  of 
complications,  and  it  is  not  clear  that  present-day  testing  technology  is 
adequate  to  the  task.  An  description  of  some  of  the  difficulties,  and 
work  underway  to  address  them,  forms  the  “Results”  section  of  this  talk. 
Additional  results  of  the  testing  workshop  will  be  covered  in 
presentations  by  other  team  members. 
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Robert  Kertnelly 
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Major  Progress  in  Loud  Attire 


November  ‘97  workshop  participants 


Robert  Kennelly 


Shown  above  is  the  somewhat  more  intimate  group  which  gathered 
for  the  second  workshop,  which  was  also  held  at  Ames  Research 
Center.  Improved  pre-event  coordination  resulted  in  a striking  display  of 
colorful  shirts. 
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Workshop  Products 


• May  ‘97  Workshop 

- Quote:  “This  was  the  first  workshop  I’ve  been  to  that  actually 
was  a workshop!” 

- Memo  to  ITD  with  consensus  items,  and  a prioritized  list  and 
timetable  of  proposed  work  for  FY98  and  beyond 

- Several  of  these  projects  were  funded  and  are  now  underway 

• November  ‘97  Workshop 

- Summary  presentation  to  ITD  of  a “6-month”  plan  to  address 
NCV  vs.  TCA  performance  shortfall 

- Collective  brainstorming  produced  a number  of  lines  of  attack 
for  follow-up  testing  during  early  *98 

- Two  volumes  of  notes  and  reference  materials  distributed 


Robert  Kennedy 


We  didn’t  just  talk — a prioritized  list  of  suggestions  to  the  ITD  team 
was  produced  during  the  first  workshop,  and  a short-range  plan  to 
address  questions  raised  by  the  recent  NCV  test  was  presented  to  the 
ITD  team  at  the  conclusion  of  the  second. 


Published  volumes  with  copies  of  the  presentations,  background 
references  (which  proved  quite  useful),  and  notes  from  the  discussions 
were  distributed  to  participants  and  the  ITD  team  members  shortly  after 
the  workshops. 
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• The  active  involvement  of  our  guests  was  much 
appreciated  by  all  the  participants 

• Invited  guests: 

- Seetharam  Chintamani,  Jim  Crowder,  Jim  Daugherty,  Mike 
Hemsch,  Ray  Hicks,  Paul  Vijgen,  Russ  Westphal 

- Tonja  Krutckoff,  Pradip  Parikh,  Chih-Fang  Shieh 
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Goodsell 


Robert  Kennelty 


Workshop  Issues 


• The  1st  workshop  included  “works-in-progress”, 
tutorials,  and  talks  on  specific  issues 

• Presentations  coordinated  by  session  chairpersons 

• Everybody  took  a crack  at  trip  drag  for  Test  #1679; 
nobody  was  entirely  pleased  with  their  results! 


Topic 


Session  Chair 


Overview  of  recent  tests  at  LaRC  Cappuccio 
Test  process  at  UPWT  & 16-ft  Goodman 

Statistical  treatment  of  WT  data  Mejia 

Reporting  Novean 

Transition  detection  Goodsell 

Trip  drag  correction  Magee 

Discussion  with  invited  guests  Mejia 

Future  directions  Wahls 


Robert  Kennelly 


One  useful  result  of  the  joint  effort  at  estimating  “grit  drag”  for  Model 
2b  (the  TCA  baseline  performance  model)  was  the  realization  that  no 
approach  was  clearly  superior.  It  was  helpful  to  get  this  contentious 
issue  out  into  the  open. 


The  Session  Chairs  played  a vital  role  in  coordinating  the 
presentations  on  the  various  topics;  we  would  not  have  fared  as  well  as 
we  did  without  this  level  of  organization. 
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Workshop  Issues,  con’t. 

• The  2nd  workshop  was  smaller,  shorter,  and  focused 
on  NCV  testing  issues 

• Much  tighter  schedule:  the  ITD  demanded  that  we 
present  a plan  of  action  on  the  second  afternoon 

• Topics  (all  covered  in  one  day!): 

- Overview  of  CFD  predictions 

- Results  of  NCV  test 

- Computed  laminar  & turbulent  streamlines 

- QA  results  for  models  2b  and  NCV 

- Results  of  Polysonic  WT  high-Re  tests 

- Boundary  layer  stability 

- Trip  dot  study 

- CFD  skin  friction  overview 

- Upcoming  tests 

• Consensus:  Don’t  neglect  fundamentals! 

Robert  Kennelly 
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Workshop  Results 

• Test  procedures,  uncertainty,  reporting 

- Better  communication  within  our  far-flung  group 

• Transition  detection 

- Best  sublimation  photos  to  date;  documented  technique 

- General  agreement  on  interpretation  of  photos  (incl.  gurus) 

• B’layer  trips 

- Fundamental  work  underway  with  WSU  (low  speed) 

- Less  intrusive  trip  techniques  (high  speed) 

• Corrections  to  WT  data 

- Laminar  run:  work  in  progress  on  estimation  using  new  code 

- Trip  drag  remains  problematic;  additional  testing  planned 

- Analyze  experiment  more  accurately  with  CFD? 

Robert  Kennefly 


Although  some  progress  has  been  made,  correction  for  the  drag 
associated  with  artificially  tripping  the  boundary  layer  remains 
problematic.  The  highlighted  elements  above  form  the  core  of  the  “grit 
drag”  discussion  to  follow.  The  central  issues  are  “how  to  to 
characterize  the  boundary  layer  state?”  and  “how  to  correct  for  the 
measures  required  to  achieve  it?” 
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Selected  Outcome  Threads 


(1)  Low-speed  trip  dot  investigation 

(2)  Alternate  trip  techniques 

(3)  Trip  drag  & flat-plate  skin  friction  analysis 


Robert  Kennelly 


(1)  Low  Speed  Test: 

Trip  Dots  at  Expanded  Scale 

Freestream 

1 

# - 

• Joint  research  with  WSU 

• Low-speed  flow, 
enlarged  dot  geometry 

• Matches  Re  (but  not  Ma) 

“ • •••  ••  •• 

• Study  skin  friction  using 
Oil  Film  Interferometry 
(local  Cf  proportional  to 
fringe  spacing) 

j SSS^mSSS 

• Investigate  dot  shapes  & 
spacing,  wire,  beads 

1 mrnm 

• Looking  for  alternative 
trip  configurations,  Cf 
bias,  understanding 

Robert  Kennedy 

1 

It’s  not  easy  to  trip  the  boundary  layer  at  Mach  2.40,  especially  in 
the  presence  of  a strongly-favorable  pressure  gradient.  Achieving  this 
efficiently  (with  minimum  disturbance  to  the  flowfield  under  test)  and  at 
a reliably-known  location  is  harder.  Sublimation  images  from  supersonic 
testing  revealed  a variety  of  features,  some  the  familiar  result  of  the 
increased  stability  of  compressible  flows  and  some  new.  This  work, 
being  conducted  at  Washington  State  University  in  collaboration  with 
NASA  Ames,  is  an  overdue,  systematic  examination  of  the  use  of 
cylindrical  roughness  elements  (“trip  dots”)  as  boundary  layer  trips. 


Oil  Film  Interferometry  is  an  optical  technique  for  measuring  local 
skin  friction  (see  References).  In  the  composite  image  above,  the 
spreading  zone  of  turbulence  downstream  of  a large-scale  trip  dot  is 
revealed  by  the  widely-spaced  interference  fringes  in  a film  of 
transparent  oil  exposed  to  the  air  stream.  This  novel  application  of  the 
technique  permits  both  qualitative  and  quantitative  examination  of  trip 
dot  performance  over  a wide  range  of  parameters.  The  Reynolds 
number  matches  that  used  in  high-speed  testing  in  the  LaRC  UPWT, 
but  compressibility  effects  are  absent  in  this  laboratory  tunnel. 


A poster  with  a number  of  OFI  images  is  available  from  the  author. 
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Spreading  of  Turbulence  from  Dots 


Robert  Kenneify 


The  experimental  set-up  consists  of  a 4-ft  chord  flat  plate  with 
beveled  edge  in  the  2-  by  2-ft  test  section  of  the  WSU  low-speed  tunnel. 
The  plate  is  covered  with  strips  of  black  paint-backed  Mylar,  which 
provides  the  optically  smooth  surface  required  for  interference  between 
monochromatic  light  reflecting  from  the  air-oil  and  oil-Mylar  interfaces. 
The  trip  dots  are  located  at  about  6 in  from  the  leading  edge  of  the 
plate,  where  Re(x)  = 100,000. 


The  data  presented  above  show  that  the  characteristic  turbulence 
spreading  angle  behind  different  (isolated)  dots  is  the  same  regardless 
of  dot  height  or  diameter — only  the  origin  of  the  spreading  varies.  The 
edges  of  the  turbulent  region  were  measured  from  photographs  of  oil 
film  patterns.  The  plot  shows  how  the  width  of  the  pattern  increases 
with  distance  downstream  of  the  trip  location. 
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(2)  High  Speed  Test: 
Alternate  Trip  Configurations 


Smaller  dots,  more 
closely  spaced 

- approx,  same  turbulent  area 

- less  “blockage”,  smaller 
correction 

- extrapolate  to  zero  width! 

Usual  dots,  larger  pitch 
on  highly-swept  LE’s 

- less  “blockage”,  smaller 
correction 

Others? 

Test  at  LaRC  UPWT  in 
Dec.  1998 


Robert  Kenneliy 


If,  as  appears  to  be  the  case  from  the  low-speed  experiments,  the 
aspect  ratio  of  the  dots  does  not  significantly  affect  their  efficacy,  some 
alternative  arrangements  suggest  themselves.  It  turns  out  that  a pattern 
of  smaller-than-usual  dots  (dark  red  and  blue  in  the  sketch),  somewhat 
more  closely  spaced,  can  be  chosen  to  induce  transition  at  the  same 
average  streamwise  distance  as  the  customary  configuration  (dark 
green).  The  “blockage”  is,  however,  less:  the  projected  frontal  area  of 
the  dots  is  reduced  as  they  are  made  smaller,  even  though  they  must 
also  be  packed  more  densely.  (Compare  the  dark  pattern  with  the 
adjacent  light-colored  disks  to  see  the  relative  spacing.)  Such  an 
approach  may  prove  to  be  more  efficient,  even  if  it  does  not  eliminate 
trip  drag  entirely.  Perhaps  more  significant  is  the  possibility  of  a 
meaningful  extrapolation  to  zero  dot  width,  which  would  permit 
estimation  of  “grit  drag”  in  an  entirely  new  way. 


Another,  related,  approach  would  be  to  use  the  same  “trip  tape” 
technique  as  at  present,  but  remove  two  out  of  three  dots  (rather  than 
every  other  dot).  The  average  transition  point  would  more  back  slightly, 
but  again  the  blockage  would  be  reduced  (see  downstream  dot  clusters 
in  the  sketch). 
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(3)  Trip  Drag  is  NOT  a 
New  Problem! 

• Braslow,  et  al. 

• Other  supersonic  cruise  tests 

- Vaucheret:  Symmetric  model  tested  in  the  ONERA  S-2  WT 
(Modane,  FR) 

- Daugherty,  et  al:  XB-70  model  tested  in  Ames  9*  by  7-ft 

• HSR  experience  to  date  doesn’t  match  very  well 

- Hard  to  get  prompt  transition,  especially  where  flow  expands 
rapidly  around  blunt  inboard  LE  (TCA  is  bad;  NCV  worse) 

- No  “drag  plateau”  observed 

- Estimates  of  trip  drag  are  large  (up  to  6 counts) 

- Sensitive  to  extrapolation  technique  (and  no  way  to  resolve  the 
issue  one  way  or  the  other!) 


Robert  Kennelty 


X.  Vaucheret  (mid  1960’s) 
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• Ma  (here)  = 1 .65,  Re  = 9.8  million/m,  symmetrical 
sections,  zero  angle-of-attack 

• Trip  consisted  of  a single  row  of  glass  beads 

• Drag  “plateau”  found  after  correcting  for  laminar  flow 


Robert  Kennedy 


Xavier  Vaucheret,  working  in  France  in  the  1960’s,  observed  the 
same  difficulties  as  the  test  team  does  at  present  in  tripping  the  flow  on 
supersonic  models,  including  the  delayed  trip  obseryed  in  sublimation 
patterns.  But  the  technique  he  describes  for  evaluating  trip  drag  is  a 
new  one  to  HSR:  he  corrects  for  laminar  run  (based  on  flow 
visualization,  and  using  a flat  plate  model  for  the  viscous  drag)  and  then 
asserts  that  the  trip  drag  is  the  excess  drag  above  the  drag  plateau 
observed  for  the  smaller  trip  heights. 
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XB-70  Test  (late  1970’s) 

016 

CD  .015 


014 
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Daugherty,  et  af.  (Ames) 

• Ma  (here)  = 2.53,  Re  = 4 million/ft,  sharp  LE  sections 

• Transition  observed  at  or  near  the  grit  strip 

• Drag  “plateau”  observed;  zero  trip  drag  for  k up  to 
about  0.013  in 


Robert  Kennelly 
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James  Daugherty  also  obtained  a “drag  plateau”  in  tests  of  an 
XB-70  model  in  the  Ames  9-  by  7-ft  Supersonic  Wind  Tunnel.  Turbulent 
flow  was  obtained  promptly  at  the  trip  location,  so  no  correction  for 
laminar  run  was  required. 
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“Whad’da  they  got  we  ain’t  got?” 


• Gently-favorable  pressure  gradient? 

- TCA  trips  promptly  on  outboard  panel  for  modest  dots,  and 
natural  transition  on  inboard,  lower  surface  is  quite  near  the  LE 

- Problem  area  is  inboard  suction  surface 

• Similar  pressure  distribution  on  the  entire  wing? 

- Partially  addressed  in  Test  #1679  where  only  the  upper, 
inboard  dots  were  varied — not  the  whole  solution 

• Use  of  distributed  roughness  (grit)  or  individual 
glass  beads 

- Already  looking  into  alternate  trips— we’ll  see  if  it  matters... 

• Correction  for  laminar  run,  or  no  need  for  it 

- Delayed  transition  not  well  modeled  at  present  by  CFD 

- We  need  a revised  experimental  approach! 

Robert  Kenneliy 


Part  of  the  solution  to  the  trip  drag  problem  consists  of 
understanding  why  we  even  have  a problem — at  least  two  previous 
experiments  found  that  they  had  little  or  no  dot  drag  at  the  conditions 
tested.  So  what’s  different?  The  most  likely  culprit  would  seem  to  be  the 
pressure  distribution  on  the  upper,  inboard  wing  surface — it’s  strongly 
favorable,  in  contrast  (we  suspect)  to  both  the  symmetrical  French 
configuration  and  the  wedge-flat-wedge  airfoil  of  the  XB-70.  Gently- 
favorable  pressures  require  an  artificial  trip,  but  it  needn’t  be  as  high  for 
prompt  effect. 


The  effect  of  different  trip  configurations  (individual  glass  beads  in 
Vaucheret’s  work  and  distributed  glass  beads  in  Daugherty’s)  will  be 
examined  as  part  of  the  work  at  WSU  and  in  an  upcoming  HSR  high- 
speed test. 


Another  contributing  factor  is  that  we  have  not  yet  analyzed  our 
TCA  data  for  the  effect  of  laminar  run.  Indeed,  the  apparent  trip  drag 
may  well  be  much  smaller  when  this  is  taken  into  account. 
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Sublimation 
Photo  (TCA) 


• k = 0.012”  dots,  cruise  alpha 

• Ineffective  trip  inboard  (and 
near  planform  break) 

• Outboard  panel  behaves 
differently  from  inboard 

• Significant  laminar  flow 
(ACD  several  counts?) 

• Note  delayed  turbulent 
spreading  (compare  with 
WSU  low-speed  results) 


uooasan,  6t  ai. 


Robert  Kennelly 


Example  of  sublimation  flow  visualization  from  Test  #1679  showing 
Model  2b’s  upper  surface  at  3.5°  angle-of-attack,  Mach  2.40,  Reynolds 
number  4 million/ft.  The  dotted  yellow  line  indicates  the  transition  front 
estimated  from  a digitally-enlarged  view. 
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Cdf:  New  Code,  Old  Method 


• Flat  plate,  compressible,  specified  wall  temperature 

• Iteratively  matches  laminar  & turbulent  momentum 
thicknesses  at  a specified  x-location 

• Drag  areas  (D/q)  are  summed  over  all  elements; 
normalized  by  Sref  to  yield  CD  for  configuration 

• Modular  FORTRAN  90  code,  several  Cf  methods 

Robert  Kenneliy 


Informal  investigation  turned  up  several  codes  and  a handbook 
method  which  partially  addressed  the  laminar  run  correction,  but  no  off- 
the-shelf  method  was  fully  satisfactory.  A new  program,  Cdf,  was 
created  using  ideas  gleaned  from  the  other  approaches.  A complete 
configuration  may  be  represented  as  a collection  of  rectangular  “flat 
plates”,  each  characterized  by  a length,  wetted  area,  and  transition 
location.  The  computed  drag  is  normalized  by  a specified  reference 
area. 


The  laminar  methods  presently  available  are  both  based  on  the 
Blasius  solution,  with  compressibility  effects  accounted  for  using  the 
reference  temperatures  of  Eckert  and  Sommer  & Short.  Two  turbulent 
methods  are  also  included,  those  of  van  Driest  (method  II)  and  Prandtl- 
Schlichting  with  Sommer  & Short’s  reference  temperature.  The  code  is 
highly  modular  and  additional  formulae  are  easily  incorporated.  Cdf  has 
been  distributed  to  the  other  CA  experimental  groups,  and  has  been 
successfully  compiled  and  run  on  several  platforms. 
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Sample  Cdf  Applications 

• Immediate  transition  at  dots  rather  than  at  LE 

- Simple  correction  for  all  WT  data;  do  this  much  at  least! 

- Worth  about  +0.9  counts  in  TCA  baseline  test  at  UPWT 

• Laminar  run  CD  correction  a la  Vaucheret 

- TCA  baseline  test  (in  progress— Aga  Goodsell) 

• Free  transition  In  high-Re  facilities 

- Some  laminar  flow  remains  even  at  highest  Re;  must  be 
accounted  for  (in  progress— Kevin  Mejia) 

• Non-equilibrium  temperatures  in  blow-down  WT? 

- Compare  Twall  extremes:  room  temp.  vs.  adiabatic  wall 

- Predicted  spread  is  up  to  2 counts  (cold  day,  warm  model, 
short  run);  perhaps  we  should  monitor  model  temperature? 

• Eventually  need  to  validate  against  CFD 

Robert  Kennefly 


The  new  code  permits  us  to  approximately  correct  for  laminar  run 
by  assuming  laminar  boundary  layer  flow  from  the  LE  to  the  trip  location 
or  to  the  actual  transition  point,  if  known.  Preliminary  measurements 
suggest  that  the  correction  may  be  as  large  as  6 counts  in  the  LaRC 
UPWT.  Some  such  correction  is  also  needed  when  testing  in  high 
pressure  blow-down  tunnels — portions  of  the  outboard  wing  remain 
laminar  up  to  the  highest  Reynolds  numbers  tested  to  date. 


Because  the  skin  friction  methods  embodied  in  Cdf  permit 
specification  of  “wall”  temperature,  the  code  can  also  be  used  to 
estimate  the  impact  of  non-equilibrium  model  temperature.  In  a worst 
case  analysis,  the  viscous  drag  in  a blow-down  tunnel  on  a very  cold 
day  could  be  up  to  1 or  2 drag  counts  high.  This  suggests  that  we 
should  try  to  look  at  model  temperature  during  a blow  to  see  whether 
adiabatic  wall  conditions  obtain  by  the  time  data  acquisition  begins. 


This  flat  plate  approach  is  not  the  final  word  in  laminar  run 
correction.  It  would  be  desirable  to  use  Navier-Stokes  analysis  to 
provide  estimates  which  include  the  (possibly  significant)  effects  of 
pressure  distribution  on  the  skin  friction  near  the  leading  edge. 
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Future  Tests 


• Alternate  trip  configurations  in  UPWT  (Dec.  ‘98) 

• High-Reynolds  number  faciiites 

- Polysonic  (St.  Louis)  has  imprecise  angle-of-attack, 
questionable  flow  quality  (upgrades  later  this  year) 

- BSWT  (Seattle)  doesn’t  go  low  enough  to  overlap  UPWT  Re 

- Can’t  get  fully-turbulent  flow  in  either  tunnel  with  available 
models/balances/stings  (yet,  anyway) 

- Test  planned  for  May  ‘98;  decision  soon... 


Robert  Kennedy 


Upcoming  tests  related  to  transition,  grit  drag,  and  laminar  run 
corrections  are  being  planned  for  the  LaRC  UPWT  at  Reynolds 
numbers  up  to  5 million/ft  and  at  one  of  the  industry  blow-down  facilities 
capable  of  up  to  about  15  million/ft.  The  Model  2b  wing/body  (TCA 
baseline  performance  model)  will  be  used  with  a variety  of  trip 
configurations  in  conjunction  with  flow  visualization  and,  possibly,  local 
Cf  measurements  using  oil  film  interferometry. 
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Summary 

• The  informal  get-togethers  by  PDW’s  were 
welcomed  by  the  participants 

• Around-the-table  format  was  effective  for 
background  talks  and  for  focused  discussion 

• A number  of  lines  of  inquiry  emerged  and  are 
being  pursued: 

- Low-speed  trip  dot  investigation 

- Systematic  testing  of  alternative  trip  configurations 

- Trip  drag  and  laminar  run  correction  methodology 

• Many  of  the  presentations  to  come  will  elaborate 
on  ideas  presented  & discussed  in  the  workshops 

Robert  Kennelly 
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HSR 

High  Speed  Research  - Configuration  Aerodynamics 

Langtey  Research  Center^ 


High  Reynolds  Number  Assessment  of 
Boundary  Layer  Transition  Trip  Drag 
at  Mach  2.48  on  an  HSCT  Configuration 

Richard  Wahls  (LaRC) 

Melissa  Rivers  (LaRC) 

Todd  Magee  (Boeing-LB) 

Mike  Novean  (Boeing-LB) 


Aerodynamic  Performance  Workshop 
HSR  Annual  Airframe  Review 
Los  Angeles,  CA 
February  9-11, 1998 


The  NASA  High  Speed  Research  (HSR)  Program  is  intended  to  establish  a 
technology  base  enabling  industry  development  of  an  economically  viable  and 
environmentally  acceptable  second  generation  high  speed  civil  transport 
(HSCT).  The  HSR  program  consists  of  work  directed  towards  several  broad 
technology  areas,  one  of  which  is  aerodynamic  performance.  The  objective  of 
the  Configuration  Aerodynamics  task  of  the  Aerodynamic  Performance 
technology  area  is  the  development  of  aerodynamic  drag  reduction,  stability 
and  control,  and  propulsion  airframe  integration  technologies  required  to 
support  the  HSCT  development  process.  Towards  this  goal,  computational  and 
empirical  based  aerodynamic  design  tools  are  being  developed,  evaluated,  and 
validated  through  ground  based  experimental  testing.  In  addition,  methods  for 
ground  to  flight  scaling  are  being  developed  and  refined.  Successful 
development  of  validated  design  and  scaling  methodologies  will  result  in 
improved  economy  of  operation  for  an  HSCT  and  reduce  uncertainty  in  full- 
scale  flight  predictions  throughout  the  development  process. 
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Configuration  Aerodynamics  Technology  Development 
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Outline 


• Background 

• Objectives 

• Approach 

» Facility  & Model  Description 
» Test  Matrix 

• Test  Results 

» Data  Quality 
» Trip  Drag 

• CFD  comparisons 

• Concluding  Remarks 


As  outlined  above,  this  presentation  begins  with  a discussion  of  background 
information,  the  primary  objectives  of  this  investigation,  and  the  approach 
taken  to  meet  the  objectives.  Next,  experimental  results  from  a test  of  a 
representative  HSCT  configuration  in  the  Boeing  Polysonic  Wind  Tunnel 
(PSWT)  are  presented,  followed  by  comparisons  to  theoretical  results 
including  computational  fluid  dynamics  (CFD).  Concluding  remarks  will  close 
the  presentation. 
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Background 


• Reynolds  number  scaling 


The  effect  of  Reynolds  number  is  fundamental  in  the  ground  to  flight  scaling 
process,  and  also  impacts  the  assessment  of  design  improvements  of  one 
configuration  over  another.  Ground  based  experimental  testing  in 
conventional  wind  tunnels  occurs  at  Reynolds  numbers  significantly  below 
that  in  flight  across  the  speed  regime,  thus  introducing  the  complications  of 
boundary  layer  state  variation  between  ground  and  flight  conditions.  Ideally, 
this  complication  would  be  alleviated  by  ground  testing  at  a sufficiently  high 
Reynolds  number  to  provide  fully  turbulent  flow  (open  symbols  on  fully 
turbulent  curve  above).  Unfortunately,  this  capability  is  available  in  only  a few 
facilities,  such  as  the  NTF.  To  manage  this  effect,  typical  testing  procedure 
employs  application  of  roughness  elements  on  wind  tunnel  model  components 
in  order  to  force  boundary  layer  transition  from  laminar  to  turbulent  at  known 
locations  to  more  closely  simulate  the  fully  turbulent  conditions  expected  in 
flight.  Although  the  application  of  roughness  elements  enables  control  of  the 
boundary  layer  state,  the  consequence  is  the  introduction  of  another  effect  not 
present  in  flight,  namely  trip  drag  due  to  the  roughness  elements.  Thus,  proper 
ground  to  flight  scaling  requires  determination  of  and  corrections  for  trip  drag. 
Given  a variable  and  high  Reynolds  number  test  capability  sufficient  to  ensure 
naturally  occurring  fully  turbulent  flow,  the  chart  above  indicates  how  one 
could  determine  trip  drag. 
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Background 


• Determination  of  Trip  Drag 

» variable/high  Reynolds  number  method 
» variable  trip  height  method 


There  are  several  methods  for  determining  trip  drag.  When  a large  Reynolds 
number  capability  is  available  in  a facility,  the  technique  described  previously 
is  preferred.  However,  a reduced  capability  test  facility  is  usually  the  norm.  In 
such  a facility,  one  can  test  with  different  sized  transition  trips  on  the  model, 
and  observe  the  variation  of  drag  with  trip  height.  Previous  studies  (Braslow  et 
al  for  example)  indicate  the  trip  height  relative  to  the  local  boundary  layer 
height  impacts  how  the  trip  drag  is  calculated. 

In  subsonic  to  low  supersonic  flow  conditions,  properly  sized  and  located 
roughness  elements  for  a given  freestream  condition  can  allow  a doubling  of 
the  trip  height  with  very  little  effect  on  the  drag.  Once  the  boundary  layer  is 
fully  turbulent  and  as  long  as  the  trip  height,  k,  is  not  greater  than  the 
boundary-layer  thickness,  5,  then  the  values  of  CD  are  not  overly  affected  by 
the  trip.  Trip  drag  can  be  calculated  by  extrapolating  a linear  curve  fit  (of  the 
CD  data  for  the  k<  5 conditions)  back  to  k=0.  This  will  define  a CD  that  should 
be  equivalent  to  fully  turbulent  flow  with  no  trip  drag;  trip  drag  for  any  k value 
can  be  calculated  by  subtracting  the  CD  value  for  k=0  from  the  value  of  CD  for 
a given  k.  Also,  note  that  when  k > 5 , the  CD  values  for  those  k values 
increase  rapidly.  Thus,  for  conditions  that  require  the  size  of  the  trip,  k,  to  be 
greater  than  the  boundary  layer,  a similar  method  can  be  employed,  however, 
there  exists  some  disagreement  within  the  HSR  community  as  to  whether  one 
should  use  k2  instead  of  k to  get  an  accurate  extrapolated  curve  to  k = k2  = 0 
and  thus,  CD  conditions  for  a fully  turbulent  boundary  layer  with  no  trip  drag. 


543 


Objectives 


• Primary 

» Determine  the  best  method  for  quantifying  trip  drag  on  a 
HSCT  configuration  at  supersonic  Mach 
» Determine  the  Reynolds  number  for  fully  turbulent  flow 
» Gain  HSCT  testing  experience  in  an  industry  blowdown 
facility  capable  of  slightly  higher  Reynolds  number  than 
available  at  NASA 

• Secondary 

» extension  of  HSR  experimental  database  to  higher  Re  at 
supersonic  Mach 

» advance  transition  detection  method  based  on  TSP 

• Issues  not  addressed 

» best  trip  method,  i.e.  grit  vs  dots 
» best  transition  detection  method 


The  primary  objective  of  this  investigation  was  an  assessment  of  several  trip 
drag  evaluation  methods  at  supersonic  speeds  on  a representative  HSCT 
configuration.  Two  methods  are  considered  herein;  the  first  method  employs 
variable  trip  heights  at  constant  flow  conditions,  and  the  second  method  relies 
on  a variable  test  Reynolds  number  capability  with  constant  trip  heights. 
Additional  primary  objectives  were  an  attempt  to  determine  the  Reynolds 
number  for  fully  turbulent  flow,  and  to  gain  HSCT  testing  experience  in  an 
industry  blowdown  facility. 

Secondary  objectives  were  the  extension  of  the  HSR  experimental  data  base  to 
higher  Reynolds  numbers.  Prior  to  testing  in  the  PSWT,  the  maximum  Re/mac 
in  the  data  base  was  approximately  7 to  8 million;  the  cruise  flight  Re/mac  is 
on  the  order  of  150  to  200  million.  Additionally,  a relatively  new  transition 
detection  technique  employing  temperature  sensitive  paint  (TSP)  was  used. 

Due  to  time  constraints,  desired  comparisons  of  trip  type  (grit  vs.  dots),  shape, 
and  location  and  comparisons  of  different  transition  detection  methods  was  not 
possible. 
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Approach 

— ~ : 

a n i» 3 Jr*-, 

• Test  free  & fixed  transition  from  low  to  high  Re  in 
highest  Re  supersonic  facility  available  (large  Re 
range) 

» fully  turbulent,  free  transition  data  for  improved  trip  drag 
assessment  at  low  Re 

» free  transition  from  iow  Re  to  highest  Re  attainable 
» fixed  transition  at  low  Re  (variable  trip  heights,  types, 

patterns) 

» transition  detection  method  to  assess  boundary  layer  state 

• Execute  a complementary  CFD  study 

» provide  theoretical  fully  turbulent  data  to  enhance 
understanding  of  experimental  data 
» evaluate  predictive  capability  for  Re  effects  at  supersonic 
Mach 


In  order  to  understand  forced  transition  issues,  it  is  valuable  to  acquire  test  data 
with  naturally  occurring,  fully  turbulent  flow.  The  importance  lies  in  the  ability 
to  anchor  data  on  fully  turbulent  skin  friction  drag  predictions  which  can  then 
be  extrapolated  to  flight  conditions  without  the  uncertainty  of  trip  drag.  On  the 
other  side,  fully  turbulent  trip  free  data  provides  a reference  for  low  Re  data 
with  trip  drag  corrections. 

The  approach  taken  was  to  test  a representative  HSCT  configuration  with  both 
free  and  fixed  transition  from  low  Re  to  the  highest  Re  available  in  the  US  at 
supersonic  conditions.  It  was  planned  to  evaluate  several  trip  types,  patterns, 
and  locations,  and  several  transition  detection  approaches.  As  mentioned 
previously,  time  constraints  did  not  allow  variation  of  all  desired  parameters. 

A complementary  theoretical  study,  including  CFD  with  the  Navier-Stokes 
flow  solver  known  as  CFL3D,  was  performed  to  enhance  understanding  of  the 
experimental  data.  Additionally,  the  experimental  data  provides  reference  for 
evaluating  the  predictive  capability  of  the  state-of-the-art  flow  solver. 
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Facility  Description 


• Boeing  Polysonic  Wind  Tunnel  has  highest  Re 
capability  at  supersonic  Mach  in  the  US 
» calibrated  at  M = 2.48  (close  to  design  cruise  Mach  for 
HSCT) 

» 4 FT  test  section  (same  as  LaRC  UPWT  & BSWT) 

» blowdown  facility  (ejector  system  used  for  start/end  loads) 


MDA  POLYSONIC  WIND  TUNNEL 


The  facility  in  the  US  with  the  highest  supersonic  Re  capability  is  the  Boeing 
(formerly  MDA-E)  Polysonic  Wind  Tunnel  (PSWT)  located  in  St.  Louis,  MO. 
The  PSWT  is  an  intermittent  pressure-to-atmosphere  blowdown  tunnel  with 
two  4 by  4 by  6 ft  long  test  sections;  one  test  section  is  for  supersonic  testing, 
and  the  other  for  transonic  testing.  The  4 ft  supersonic  test  section  used  in  this 
investigation  allows  existing  models  sized  for  the  LaRC  UPWT  to  be  tested. 
Start-up  & ending  loads  are  larger  than  experienced  at  the  UPWT  due  to  the 
fact  that  the  PSWT  is  a blowdown  facility;  downstream  ejectors  are  used 
primarily  to  reduce  these  model  loads.  At  present,  the  PSWT  is  not  calibrated 
for  Mach  = 2.40  (HSCT  nominal  cruise),  but  is  calibrated  at  Mach  = 2.48.  For 
the  purposes  of  this  investigation,  this  difference  is  not  significant. 
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Facility  Description:  why  this  one? 


high  Re  capability  with  a large  range 
» overlap  with  LaRC  UPWT  on  low  end 
» with  right  hardware,  potential  to  extend  HSR  high  Re  data 
beyond  that  obtained  to  date  (significantly  beyond  BSWT) 

MA  POLYSONIC  KM  TUMI.  VS.  BOENG  SUPERSONIC  WMD  TUNNEL 


PSWT  based  on  T,  = 100  deg  F 
BSWT  based  on  T,  = 65  deg  F 


The  operating  envelop  of  the  PSWT  is  shown  in  the  chart  above;  the  operating 
envelope  of  the  Boeing  Supersonic  Wind  Tunnel  (BSWT)  in  Seattle,  WA  is 
also  shown  for  reference.  Like  the  PSWT,  the  BSWT  has  a 4 by  4 ft  supersonic 
test  section  and  a transonic  insert.  Unlike  the  PSWT  ejector  system,  the  BSWT 
employs  a snubber  system  to  reduce  model  start-up  and  end  loads.  From  the 
chart,  it  is  clear  that  the  PSWT  has  a much  larger  operating  envelop  due  to  the 
significantly  higher  pressure  capability,  and  can  provide  significantly  longer 
run  times.  Dependent  on  the  model  and  model  support  strength,  however,  the 
full  operating  envelop  may  not  be  available.  This  was  the  case  in  the  present 
investigation,  and  will  continue  to  be  the  case  for  HSCT  testing;  the  limiting 
condition  for  the  current  investigation  was  set  based  on  sting  divergence 
characteristics,  closely  followed  by  start-up  and  end  loads  on  the  balance. 
Regardless,  the  range  of  Reynolds  number  (both  maximum  and  minimum) 
exceeds  that  of  the  BSWT  when  operated  at  the  same  total  temperature;  high 
pressure  provides  the  high  Reynolds  number  advantage,  while  the  ejector 
system  allows  a lower  minimum  Reynolds  number  condition  which  overlaps 
with  the  LaRC  UPWT. 

Note  that  the  points  shown  on  the  chart  at  Mach  numbers  other  than  2.48  are 
representative  of  conditions  used  during  tests  for  other  programs  in  the  PSWT. 
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Model/Sting/Balance  Description 


• 1 .675%  M2.4-7A  Baseline  Arrow  Wing 

» Solid  wing/body  with  no  surface  pressure  taps  or  flaps 
» Nacelles:  available  for  this  model,  but  not  in  test  plan 

• Sting  supported  using  LaRC  sting  #26 

» (aka:  2000  lb  Normal  Force  Sting) 

• LaRC  756  Balance  (6  comp....  2000  lb  NF,  150  lb  AF) 

» expandable  front  end  used 
» nonexpandable  adapter  now  available 


The  model  chosen  for  testing  in  the  PSWT  was  a 1.675  percent  scale  model  of 
the  Boeing-Long  Beach  baseline  arrow  wing  configuration  designated  M2.4- 
7A.  Model  components  include  a wing,  a body  truncated  slightly  aft  of  the 
wing  trailing  edge,  and  four  diverter  mounted  flow  through  nacelles;  only  the 
wing-body  configuration  was  tested  in  this  investigation.  Neither  the  wing  nor 
the  body  was  instrumented  for  surface  pressure  measurements;  the  result  is  a 
stiffer,  stronger  wing  less  susceptible  to  static  aeroelastic  deformation  under 
load  as  compared  to  an  instrumented  wing.  The  model,  shown  in  the  chart, 
was  mounted  on  a six-component  strain  gage  balance,  designated  LaRC  756, 
which  in  turn  was  supported  by  a straight  sting,  designated  LaRC  sting  no.  26; 
cavity  pressures  were  measured  and  corrections  applied. 

The  wing  planform  incorporates  a leading-edge  break  at  70%  semi-span  and  a 
trailing-edge  break  at  30%  semi-span;  the  planform  in  these  regions  has  been 
smoothly  faired.  The  leading-edge  sweep  is  71  deg  inboard  and  61.5  deg 
outboard.  The  aspect  ratio  is  1.84,  and  at  model  scale  the  reference  area,  mean 
aerodynamic  chord,  and  wing  span  are  2.511  ft,  18.886  in.,  and  2.149  ft, 
respectively.  The  body  length  is  4.395  ft. 
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PSWT  698  Test  Matrix 


• Time:  1 shift  for  2 weeks  ending  Sept.  2, 1997 

» 28  F/M  blows  (90  runs,  5 days),  19  TSP  blows  (3  days) 

» wing  trip  changes  time  consuming  (significant  off-shift  work) 

• Nominal  Conditions: 

» Mach  = 2.48 

» Re  = 5 to  15  million/ft  (highest  attained  14.21  million  per  ft) 

» q = 1000  to  3000  psf 
» Alpha  -3°  to  +3°,  Beta  = 0° 

• Configurations  (trips  are  the  only  variable): 

» 5 wing  trip  heights  (0.0079  to  0.0149  in.)  and  OFF 

- 0.6  in.  streamwise,  with  0.2  in.  on  center 
» 1 nose  trip  height  (0.0109  in.)  and  off 

- 1.0  in.  from  nose,  with  0.1  in.  on  center 


The  wind  tunnel  investigation,  designated  PSWT  698,  was  conducted  at  1 
eight  hour  shift  per  day  for  10  days  ending  September  2,  1997.  This  time 
included  model  build-up,  installation,  force  testing,  TSP  testing,  and  model 
removal.  Over  5 days,  28  force/moment  blows  consisting  of  90  runs  were 
obtained.  During  this  period,  wing  trip  changes  were  very  time  intensive,  and 
in  fact  a significant  amount  of  off-shift  work  was  involved  to  facilitate  timely 
model  changes.  Following  the  force/moment  testing,  19  blows  dedicated  to  the 
TSP  transition  detection  method  over  3 days  were  executed;  a large  portion  of 
these  runs  were  dedicated  to  method  development. 

Nominal  test  conditions  were  Mach  = 2.48,  Re  = 5 to  15  million  per  foot 
(corresponding  to  dynamic  pressures  from  1000  to  3000  psf  at  Tt  - 100  deg  F), 
and  an  angle  of  attack  range  from  -3  to  3 deg.  The  highest  Reynolds  number 
attained  was  14.21  million  per  foot;  Re/ft  would  have  been  18.3  million  had  Tt 
been  40  deg  F rather  136  deg  F. 

The  only  configuration  variable  was  the  transition  trip.  Trip  dots  were  used 
rather  than  grit  as  dots  have  been  the  most  prevalent  in  HSR  testing.  On  the 
wing,  5 trip  heights  ranging  from  0.0079  to  0.0149  inches  plus  the  trip  off 
condition  were  used.  Trip  heights  were  quantified  based  on  measurement  of 
every  4th  dot  to  a resoluton  of  ±0.00025  in. ; standard  deviations  ranged  from 
0.0004  to  0.0007  in.  The  trip  location  was  0.6  in.  streamwise  from  the  leading 
edge,  with  a dot  spacing  of  0.2  in.  on  center.  On  the  forebody,  a ring  of  dots 
1.0  in.  from  the  nose  with  0.1  in.  on  center  spacing  was  used  in  addition  to  the 
trip  off  case.  The  trip-free  configuration  and  a configuration  with  the  nose  trip 
on  and  a 0.0109  in.  wing  trip  were  the  most  heavily  tested. 
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Data  Quality 


• Uncertainties  are  Comprised  of  Systematic  (Bias) 
and  Random  (Precision)  Experimental  Errors 

» Mark  Kammeyer  (Boeing  St.  Louis)  has  provided  a very 
detailed  bias  error  analysis  on  the  PSWT698  data 
>>  Precision  errors  determined  through  short,  medium,  and 
long  term  repeatability  analysis 

• Precision  Errors  (Repeatability)  are  Most  Important 
when  Assessing  Trip  Drag 

» ACpfnp  removes  the  influence  of  many  bias  errors 
» Absolute  magnitude  of  force  coefficients  will  be 
influenced  by  bias  errors 


Data  quality  for  this  investigation  was  assessed  in  two  ways:  1)  a theoretical 
uncertainty  analysis  focusing  on  systematic  or  bias  errors,  and  2)  a 
repeatability  assessment  based  on  data  acquired  throughout  the  test. 

The  bias  error  estimates  were  provided  by  Mark  Kammeyer  (Boeing-St.Louis) 
using  an  uncertainty  methodology  which  adheres  to  AIAA  Standard  S-071- 
1995  (Assessment  of  Wind  Tunnel  Data  Uncertainty)  and  Coleman  & Steele 
(Experimentation  and  Uncertainty  Analysis  for  Engineers,  1989).  Bias 
estimates  were  made  at  the  95  percent  confidence  level  and  were  generally 
based  on  the  working  standards  by  which  each  instrument  was  calibrated,  the 
calibration  performance,  and  other  factors  such  as  check  load  results.  This 
analysis  highlighted  the  set  point  Mach  number  as  a dominant  source  of 
uncertainty  (based  on  the  variation  in  centerline  Mach  number  measured  in 
facility  calibrations)  in  the  dynamic  pressure,  and  correspondingly  in  the  force/ 
moment  coefficients. 

Repeatability  assessments  were  made  over  short  and  near  term  periods  of  time, 
and  are  taken  as  an  estimate  of  data  precision.  As  used  in  this  investigation, 
short  term  refers  to  repeat  polars  within  a blow,  and  near  term  refers  to 
repeated  blows  spanning  the  duration  of  the  test.  Good  repeatability  is 
important  in  an  incremental  study  such  as  this;  bias  errors  are  more  likely  to 
impact  absolute  levels  than  increments. 
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Data  Quality:  Bias  Uncertainty 

■wrasse™" - - 

• Summary  of  Bias  Errors  for  PSWT698  Run  15  - point  1 , 
Mach=2.48,  Q=1000psf 

Quantity 

Bias  Error,  ±B 

Dynamic  Pressure,  Q 

9.785  psf 

Reynolds  Number,  Re 

.0433x10*  /ft 

Static  Pressure,  P 

0.03269  psia 

Angie  of  Attack,  a 

0.1189  degrees 

Axial  Force  Coefficient,  CA 

1.095x1  O'4 

Normal  Force  Coefficient,  CN 

5.203  x 10"* 

Lift  Coefficient,  CL 

5.135  X 10"* 

Drag  Coefficient,  C0 

2.021  counts 

This  chart  provides  a summary  of  estimated  bias  uncertainties  for  a typical  test 
point;  this  particular  test  point  is  at  a relatively  low  dynamic  pressure  of  1000 
psf  and  an  angle  of  attack  of  approximately  -3  deg.  The  set  point  Mach  number 
uncertainty  drives  the  uncertainty  in  the  dynamic  pressure,  which  in  turn 
directly  affects  the  force  and  moment  coefficients.  A second  important  factor 
affecting  the  coefficients  is  the  accuracy  of  the  force  balance.  The  angle-of- 
attack  measurement  bias  estimate  is  very  large,  and  its  effect  can  be  seen 
directly  by  comparing  the  drag  and  axial  force  coefficient  uncertainties  in  the 
following  chart. 
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This  chart  shows  the  estimated  bias  uncertainty  for  the  uncorrected  axial  force 
coefficient  and  the  drag  coefficient  as  functions  of  angle  of  attack  and  dynamic 
pressure.  The  effect  of  dynamic  pressure  is  minimal;  increasing  dynamic 
pressure  slightly  decreases  coefficient  uncertainties.  The  effect  of  angle  of 
attack  is  minimal  for  the  uncorrected  axial  force  coefficient.  The  uncertainty  of 
the  drag  coefficient,  however,  is  highly  dependent  on  the  angle  of  attack.  Here 
the  drag  coefficient  uncertainty  is  observed  to  almost  double  from  an  angle  of 
attack  of  -1  deg  (near  CDmin)  to  +2  deg  (cruise  CL).  Recall  that  the  dominant 
factor  driving  the  uncertainty  levels  is  the  set  point  Mach  number  uncertainty, 
which  should  be  systematic  in  nature  and  is  expected  to  have  little  impact  on 
data  repeatability. 
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Data  Quality:  Effect  of  Re  Set  Point  Variability 





• if  0.1  drag  count  is  important ....  Re  set  point 
tolerance  of  -0.1  million/ft  is  required 

Skin  Friction  Drag  Sensitivity 
_ _ 4 .*  Reynolds  Number  Variations  at  M = 2.48 
2.0x10* — - — . . 7 — t — . : . . | r 


0.1  drag  count  tolerance  | / 

0.5  draa  count  tolerance  r / 


Re, ft 


Data  on  a chart  shown  previously  indicated  a relatively  low  uncertainty  in  the 
determination  of  Reynolds  number  (approximately  0.04  million  per  foot  at  q = 
1000  psf).  However,  just  because  the  Reynolds  number  is  determined  with  a 
relatively  high  degree  of  certainty  does  not  imply  that  it  is  set  or  maintained 
consistendy  from  run  to  run  or  blow  to  blow.  The  chart  above  shows  the 
impact  of  Re  set  point  inconsistency  for  the  M2.4-7A  at  Mach  = 2.48  as  a 
function  of  Re,  based  on  equivalent  flat  plate  skin  friction  theory.  If  0. 1 counts 
of  drag  are  important,  the  Re  must  be  maintained  within  approximately  0. 1 
million  per  foot  for  the  conditions  of  this  investigation. 

Due  to  total  temperature  variations  during  the  test,  the  Re  set  point  varied 
beyond  the  0.1  million  per  foot  tolerance  at  times.  Due  to  the  corresponding 
effect  on  drag,  some  data  was  corrected  to  appropriate  nominal  Reynolds 
numbers  to  facilitate  analysis.  As  in  the  chart  above,  these  adjustments  were 
based  on  equivalent  flat  plate  skin  friction  theory. 
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• 3 polars  within  1 blow:  adjusted  to  nominal  Re/ft  = 5e6 

• CA  slightly  more  repeatable,  particularly  at  cruise 

• representative  of  short  term  repeatability  throughout  test 


PSWT698  Blow  10,  M2.4-7A  Baseline 
Mach  = 2.48,  Rc, ft  = 5.00  million,  q = 998  psf 


PSWT698  Blow  10,  M2.4-7 A Baseline 
Mach  = 2.48,  Re,ft » 5.00  million,  q - 998  psf 
. -i  95  percent  confidence:  solid  =ci,  dashcd=pi 
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Data  repeatability  was  assessed  throughout  the  investigation  over  both  short 
and  near  term  periods  of  time,  as  defined  previously.  The  methods  used  are 
described  in  detail  by  Wahls,  et  al  in  NASA  TP-3522  (A  Longitudinal 
Aerodynamic  Data  Repeatability  Study  for  a Commercial  Transport  Model 
Test  in  the  National  Transonic  Facility).  To  summarize,  a data  mean  is 
determined  for  a set  of  repeat  polars  by  a 4th  order  least  squares  curve  fit; 
residuals  and  accompanying  curve  fit  statistics  are  computed  relative  to  the 
mean  curve.  Due  to  variation  in  Reynolds  number  between  runs  and  blows, 
equivalent  flat  plate  skin  friction  theory  was  used  to  adjust  data  to  nominal 
conditions. 

The  chart  above  shows  a sample  of  short  term  repeatability  for  this 
investigation.  In  general,  CA  and  CD  repeatability  are  quite  good  in  the  short 
term,  and  CA  is  slighlty  better  than  CD,  particularly  near  the  cruise  CL  (0. 10). 
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Data  Repeatability:  Near  Term  - low  q 


• 3 blows  with  3 runs  each:  adjusted  to  nominal  Re/ft  = 5e6 

• CA  slightly  more  repeatable,  particularly  at  cruise 

• more  spread  blow  to  blow  than  run  to  run  within  a blow 


PSWT698,  M2 .4-7 A Baseline  PSWT698,  M2.4-7A  Baseline 

Mach  - 2.48,  Re, ft  = 5.00  million,  q = 993  psf  Mach  * 2.48,  Re.ft  * 5.00  million,  q = 993  psf 

3 x[q  -»  95  percent  confidence:  solid=ci.  dashed=pi  3 xlO  ^ percent  confidence:  solid-ci,  dashcd*pi 


-2  -.1  0 .1  .2  J -.2  -.1  0 .1  .2  .3 


CN  Cl 


The  chart  above  shows  a sample  of  near  term  repeatability  from  this 
investigation.  In  this  case  the  analysis  is  based  on  3 blows  of  3 polars  each  and 
spanning  the  duration  of  the  force  and  moment  phase  of  the  test.  The 
prediction  intervals,  representative  of  the  bounds  about  the  estimated  data 
mean  that  will  contain  any  single  future  point  with  a probability  of  95  percent, 
are  larger  than  in  the  short  term,  presumeably  due  mostly  to  the  effect  of  angle 
of  attack  uncertainty.  Two  other  configuration/flow  condition  combinations 
were  suitable  for  near  term  analysis;  each  of  these  cases  contained  only  two 
rather  than  three  repeated  blows  as  in  the  case  above.  One  case  provides  results 
very  similar  to  those  shown  above;  the  other  case,  however,  highlights  the 
impact  of  angle-of-attack  system  uncertainties. 
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Data  Repeatability:  Near  Term  - AoA  Impact 


• 2 blows  with  3 runs  each:  adjusted  to  nominal  Re/ft  = 8e6 

• CA  significantly  more  repeatable,  particularly  at  cruise 

• nonrepeatable,  biased  angle  of  attack  measurement 


P5WT69S,  M2.4-7A  Baseline 


Mach  * 2.48,  Re.ft  » 8.00  million,  q = 1692  psf 
, rnnfid^nc^’  so!id=ci.  dashed  =oi 


CN 


PSWT698,  M2.4-7A  Baseline 
Mach  = 2.48,  Re.ft  = 8.00  million,  q«  1692  psf 


Cl 


The  chart  above  shows  the  near  term  repeatability  analysis  highlighting  the 
potential  impact  of  angle-of-attack  measurement  system  uncertainties.  In  this 
case,  two  blows  containing  3 polars  each  are  analyzed.  Note  that  the  second 
blow  (28)  immediately  follows  the  last  blow  used  in  the  previous  chart.  Here, 
the  axial  force  coefficient  repeatability  is  comparable  to  that  seen  previously. 
However,  the  drag  coefficient  is  extremely  degraded  at  the  cruise  condition. 
This  type  of  data  tends  to  indicate  inconsistent  angle  measurements. 
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Data  Quality:  Repeatability  Summary 


• Short  term  repeatability  is  good 

» ACd/ACa  = ±0.80/±0.55  counts  (95%  Prediction  interval) 

» ACd/ACa  = ±0.15/±0. 10  counts  (95%  Confidence  interval) 

• Near  term  repeatability  is  good  to  marginal 

» ACd/ACa  = ±1.60/±0.95  counts  (95%  Prediction  interval) 

» ACd/ACa  = +0.20/+0.1 5 counts  (95%  Confidence  interval) 

• Long  term  repeatability  not  considered  due  to  problems 
with  first  entry  data  (PSWT689) 


The  chart  above  summarizes  the  repeatability  analysis.  Numbers  provided 
represent  the  worse  case  observed  throughout  the  analysis.  In  general,  the 
short  term  repeatability  is  good.  The  near  term  repeatability  is  marginal  to 
good,  and  is  slightly  degraded  with  respect  to  the  short  term  as  one  might 
expect.  One  set  of  near  term  repeated  blows  highlighted  a nonrepeatable, 
biased  angle  of  attack  measurement. 

Long  term  repeatability  (test  to  test)  was  not  considered  due  to  known 
problems  with  data  from  the  previous  entry  (PSWT689). 
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Trip  Drag  Assessment:  Variable  Re  Method 

— — — n^Tirrpnwi 


• Drag  data  near  minimum  drag  and  cruise 

• Primary  trip  height  (wing)  = 0.0109  inches 

• Trip  drag  - lam.  run:  ~1.9  cts  (min  CD),  -4.0  cts  (cruise) 


The  primary  objective  of  this  investigation  was  an  assessment  of  several  trip 
drag  evaluation  methods  at  supersonic  speeds  on  a representative  HSCT 
configuration.  The  first  method  relies  on  a variable  test  Reynolds  number 
capability  with  constant  trip  heights.  Drag  data  are  presented  above  for 
conditions  near  minimum  drag  and  cruise  lift  as  function  of  Re/ft  for 
configurations  with  free  and  fixed  transition;  the  fixed  transition  configurations 
have  a forebody  trip  ring  (k=0.0109  in.)  around  the  nose  and  5 different  trip 
heights  on  the  wing.  The  free  transition  configuration  was  run  from  a Re/ft  of 
nominally  5e6  to  14.21e6.  The  primary  fixed  transition  configuration,  with  k= 
0.0109  in.  on  the  wing,  was  run  at  5 Re/ft  conditions  up  to  approximately  1 le6. 
Other  trip  heights  were  run  at  nominally  Re/ft  of  5e6  and  8e6  only. 

The  variable  Re  method  relies  on  the  highest  Re/ft  condition  with  free 
transition  to  be  fully  turbulent,  thus  allowing  extrapolation  to  lower  Re/ft  using 
equivalent  flat  plate  theory.  The  theoretical  curve  is  shown  on  the  chart  above. 
Using  the  theory  as  a base,  the  trip  drag  for  a given  trip  height  can  be 
determined  as  the  delta  CD  to  the  theoretically  fully  turbulent  extrapolation, 
plus  the  effect  of  laminar  flow  forward  of  the  trip.  As  will  be  shown  on  a 
subsequent  chart,  the  effect  of  the  laminar  run  is  approximately  0.0001.  For  k= 
0.0109  in.,  the  variable  Re  method  provides  trip  drag  values  of  approximately 
2.9  and  5.0  drag  counts  at  minimum  drag  and  cruise  lift,  respectively,  and 
shows  no  significant  dependence  on  Re  from  5e6  to  8e6. 
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T rip  Drag  Assessment:  Variable  Re  Method 


• Axial  force  data  near  minimum  drag  and  cruise 

• Primary  trip  height  (wing)  = 0.0109  inches 


Due  to  concerns  about  the  quality  of  drag  data  at  cruise  due  angle-of-attack 
uncertainties,  the  variable  Re  method  was  also  applied  to  the  axial  force 
coefficient.  The  trip  drag  assessment  yields  similar  results  to  those  based  on 
drag;  use  of  the  axial  force  rather  than  drag  provides  an  increase  in  trip  drag  of 
0.5  counts  at  cruise. 

Note  in  the  chart  above  that  the  free  transition  data  never  follows  the  trend  of 
the  fully  turbulent  theoretical  curve.  Assuming  the  theoretical  curve  is  a true 
representation  of  fully  turbulent  behavior,  this  result  brings  into  question  the 
underlying  assumption  that  the  Re/ft  = 14.2  le6  data  is  fully  turbulent.  This 
assumption  was  not  verified  herein  through  transition  detection  techniques.  If 
fully  turbulent  flow  does  not  occur  until  Re/ft  is  greater  than  14.2  le6,  the 
effect  would  be  a reduction  of  trip  drag  values  as  quoted  herein. 
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This  chart  provides  the  estimated  drag  increment  necessary  to  correct  data  for 
the  laminar  run  forward  of  the  trip  dots  to  fully  turbulent  flow.  This  chart  is 
based  on  equivalent  flat  plate  theory,  and  is  specifically  valid  only  for  the 
current  configuration  and  trip  location  for  Mach  = 2.48.  Over  the  range  of 
Re/ft  in  this  investigation,  the  laminar  run  correction  is  approximately  1 drag 
count  (0.0001). 
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Trip  Drag  Assessment:  Variable  Trip  Height  Method 


• Drag  data  near  minimum  drag  and  cruise 

• Trip  drag:  k2  < k and  min.  drag  < cruise 


If  a high  Re  facility  capable  of  fully  turbulent,  free  transition  flow  is  not 
available,  one  must  rely  on  the  variable  trip  height  method.  Due  to  limited 
availablity  of  high  Re  facilities,  this  method  is  the  norm.  In  this  method,  drag 
data  are  extrapolated  to  values  of  zero  trip  height;  the  drag  corresponding  to 
zero  trip  height  becomes  the  reference  for  computing  the  trip  drag.  For 
supersonic  flow  where  trip  heights  greater  than  the  local  boundary  layer 
thickness  are  the  norm,  the  open  question  within  the  HSR  community  is 
whether  or  not  extrapolation  by  k or  k2  is  most  appropriate. 

Shown  above  are  drag  data  near  minimum  drag  and  cruise  lift  for  Re/ft  of  5e6 
and  8e6.  Tripped  data  are  extrapolated  by  both  k and  k2  to  values  of  k=0;  free 
transition  data  are  shown  for  reference.  One  would  expect  the  free  transition 
data  to  fall  below  the  extrapolated  fully  turbulent  data;  in  one  case  above,  k 
extrapolation  for  Re/ft=8e6  at  cruise  lift,  this  result  was  not  observed.  Within 
data  uncertainty,  however,  this  result  is  not  considered  significant.  The  data 
does  clearly  show  that  the  k method  always  provides  higher  values  of  trip  drag 
than  the  k2  method.  Note  that  all  trip  heights  are  used  in  the  extrapolation, 
although  transition  detection  was  not  used  to  validate  the  trip  effectiveness  at 
most  conditions. 
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TSP  Image  with  Isolated  Dots/Grit 


• indications  of  trip  effectiveness 

• upper  surface  only 


Re/ft  = 6.2e6 
a - 2.5  deg 


The  images  above  are  limited  indications  of  trip  effectiveness  using 
temperature  sensitive  paint.  Images  were  taken  on  the  upper  surface  of  the 
wing  only,  and  at  angles  of  attack  slightly  higher  than  that  for  cruise  lift.  The 
two  cases  shown  indicate  the  effectiveness  of  trip  heights  of  approximately 
0.0095  and  0.01 10  inches  towards  the  low  end  of  the  pertinent  Re/ft  range  of 
this  investigation.  It  can  be  assumed  that  as  Re/ft  increases,  the  trips  remain 
effective,  and  higher  trip  heights  are  also  effective.  If  one  assumes  the  effect  of 
angle  to  be  minimal  (not  necessarily  the  case),  only  the  effectiveness  of  the 
lowest  trip  height  (k=0.0079  in.)  remains  completely  open  to  question. 
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Trip  Drag  Assessment:  Variable  Trip  Height  Method 

• Axial  force  data  near  minimum  drag  and  cruise 

• Trip  drag:  k2  < k and  min.  drag  < cruise 


Due  to  concerns  about  the  quality  of  drag  data  at  cruise  due  to  angle-of-attack 
uncertainties,  the  variable  trip  height  method,  as  with  the  variable  Re  method, 
was  also  applied  to  the  axial  force  coefficient.  Near  minimum  drag  conditions, 
where  angle  uncertainties  are  of  less  consequence,  axial-force-based  results  are 
similar  to  drag-based  results.  At  cruise,  however,  the  axial-force-based  results 
yield  consistently  lower  trip  drag  values. 
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• Trip  drag  (in  counts)  for  k = 0.0109  in. 

• variable  Re  method  includes  laminar  run  adjustment 
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• var  Re  and  k method  essentially  same  near  min.  drag, 
more  variability  near  cruise  but  still  generally  closer  to  k 

• k2  method  always  lower  trip  drag  than  k method 

• negligible  Re  effect  on  trip  drag  from  5 to  8 million/foot 


The  chart  above  summarizes  the  trip  drag  results  with  k = 0.0109  in.  for  both 
methods,  and  both  extrapolations  for  the  variable  trip  height  method.  Included 
are  results  based  on  axial  force  and  drag  at  near  minimum  drag  and  cruise  lift 
conditions  at  Re/ft  = 5e6  and  8e6. 

The  variable  Re  method  and  the  k extrapolation  of  trip  height  are  essentially 
the  same  near  minimum  drag;  more  variability  exists  at  cruise  lift,  but  the 
variable  Re  method  generally  remains  closer  to  the  k than  k2  extrapolation.  The 
k2  method  yields  consistently  lower  trip  drag  values  than  the  k method;  the 
difference  is  roughly  1.5  counts  near  minimum  drag,  and  roughly  2 to  3.5 
counts  near  cruise.  All  methods  indicated  higher  trip  drag  at  cruise  lift  than 
near  minimum  drag,  and  the  Re  effect  on  trip  drag  from  5e6.to  8e6/ft  is 
negligible. 

Finally,  due  to  angle  of  attack  uncertainty,  the  axial-force-based  results  are 
considered  more  reliable.  For  the  purposes  of  correction  of  k=0.0109  in. 
experimental  data  to  fully  turbulent  conditions,  trip  drag  is  taken  as  2.9  and  5.0 
counts  at  near  minimum  drag  and  cruise  lift  conditions,  respectively. 
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CFD  Comparisons:  Overview 
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• Support  experimental  program 

• Single  block  C-0  topology  grid  (~2.7e6  pts.,  y+  ~ 1) 

• CFL3D 

• Convergence  Criteria 

» < 0.5  ct  CD  variation  over  100  iterations 
» > 3 orders  of  magnitude  residual  reduction 

• Matrix:  Mach  = 2.48  only 

» Re/ft  = 5.26  to  1 4.21  million  at  alpha  = -1,2  deg 
» Re/ft  = 5.26  at  alpha  = -1 , 0,  1 , 2,  3 deg 
» S-A  turb  model  used  after  initial  turb  model  comparisons 


A complementary  theoretical  study,  including  CFD  with  the  Navier-Stokes 
flow  solver  known  as  CFL3D,  was  performed  to  enhance  understanding  of  the 
experimental  data.  Additionally,  the  experimental  data  provides  a reference 
for  evaluating  the  predictive  capability  of  the  state-of-the-art  flow  solver. 

The  single  block  C-0  topology  grid  used  in  this  study  had  approximately  2.7e6 
grid  points,  and  had  sufficient  grid  resolution  near  the  surface  to  yield  y+ 
values  of  approximately  1.  Solutions  were  considered  converged  when  the  drag 
coefficient  varied  by  less  than  0.5  counts  over  100  iterations,  and  the  residuals 
reduced  by  at  least  3 orders  of  magnitude. 

The  CFD  matrix  was  designed  to  enhance  understanding  of  the  experimental 
results.  First  a turbulence  model  study  was  performed  at'Re/ft  = 5.26e6  at 
angles-of-attack  of  -1  and  2 deg.  The  Spalart-Allmaras  model  was  chosen  for 
further  use.  Solutions  for  a complete  pitch  polar  were  obtained  at  Re/ft  = 
5.26e6,  and  a Re  sweep  up  to  14.2 le6  per  foot  at  near  minimum  drag  (a  = -1 
deg)  and  cruise  lift  (a  = 2 deg)  were  also  obtained. 

A more  detailed  discussion  of  the  CFD  results  is  presented  in  a separate  paper 
by  Rivers  and  Wahls  in  this  workshop. 


565 


CFD  vs  EFD  near  CD 


min 


• CFD  predictions  consistently  high,  but  within  1 count 
of  trip  drag  corrected  pswt698  data 

• CFD  variation  w/  Re  slightly  less  than  flat  plate  theory 
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The  chart  above  shows  comparisons  of  theory  and  experimental  data  near 
minimum  drag  conditions.  Experimental  data  includes  the  free  transition  and 
k=0.0109  in.  fixed  transition  configurations,  and  the  trip  drag  corrected  result. 
The  fully  turbulent  CFD  predictions  fall  between  the  free  and  fixed  transition 
experimental  data,  and  are  high  but  within  1 count  of  the  trip  drag  corrected 
experimental  data. 

The  theoretical  equivalent  flat  plate  skin  friction  drag  variation  is  anchored  to 
the  Re/ft=14.21e6  CFD  solution.  The  CFD  solution  variation  with  Re  is 
slightly  less  that  of  the  equivalent  flat  plate  theory,  and  is  very  close  to  the  trip 
drag  corrected  experimental  data. 
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CFD  vs  EFD  near  cruise 


CFD  predictions  within  1 count  of  trip  drag  corrected 
pswt698  CD  data;  CA  predictions  high  and  diverging 
with  increasing  Re  (2.5  counts  at  Re/ft  - 1 1e6) 
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The  chart  above  shows  comparisons  of  theory  and  experimental  data  near 
cruise  lift  conditions.  Experimental  data  includes  the  free  transition  and  k= 
0.0109  in.  fixed  transition  configurations,  and  the  trip  drag  corrected  result. 
The  fully  turbulent  CFD  predictions  fall  between  the  free  and  fixed  transition 
experimental  data.  Drag  predictions  are  within  1 count  of  the  trip  drag 
corrected  experimental  data,  but  have  slightly  less  variation  with  Re.  Axial 
force  predictions  are  high  relative  to  the  trip  drag  corrected  experimental  data, 
and  are  diverging;  the  difference  is  1 count  at  low  Re/ft  and  approximately  2.5 
counts  at  Re/ft  ~ 1 le6. 

The  theoretical  equivalent  flat  plate  skin  friction  drag  variation  is  anchored  to 
the  Re/ft=14.21e6  CFD  solution.  The  CFD  solution  variation  with  Re  is 
slightly  less  that  of  the  equivalent  flat  plate  theory. 
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Concluding  Remarks 


• for  this  data  set,  trip  drag  based  on  k extrapolation 
proved  more  consistent  with  the  variable  Re 
approach  than  did  k2  extrapolation 

» negligible  Re  effect  (from  5 to  8e6/ft)  on  trip  drag 
» trip  drag  approximately  2.9  counts  at  minimum  drag 
» trip  drag  approximately  5.0  counts  at  cruise 

• PSWT  is  a productive  facility  with  extensive  Re 
capability  at  supersonic  conditions  that  warrants 
further  use,  but ... 

» pitch  system  accuracy  must  be  improved  before  further 
performance  (drag)  testing  ...  studies  underway  at  PSWT 
» short  term  repeatability  generally  very  good 
» near  term  repeatability  degraded  with  increasing  alpha  due 
to  pitch  system  variability 


The  following  comments  summarize  the  key  points  of  the  investigation. 

1)  Two  methods  for  determination  of  trip  drag  were  applied.  The  variable  Re 
method  is  assumed  to  provide  the  most  reliable  estimate  and  is  used  as  a basis 
for  evaluating  two  variations  of  the  variable  trip  height  method.  For  this  data 
set,  the  k extrapolation  approach  proved  more  consistent  with  the  variable  Re 
method  than  did  the  k2  extrapolation  approach.  Trip  drag  variation  between  5 
and  8 million  per  foot  was  negligible,  and  was  approximately  2.9  and  5.0  drag 
counts  at  minimum  drag  and  cruise  conditions,  respectively. 

2)  The  Boeing  PSWT  is  a very  attractive  facility  for  high  or  elevated  Re  testing 
at  supersonic  Mach  numbers.  Although  the  facility  offers  this  higher  Re 
capability  and  executed  an  efficient,  productive  test,  significant  uncertainty  in 
the  pitch  measurement  system  must  be  reduced  before  the  highest  quality  drag 
data  required  in  performance  testing  can  be  acquired.  Short  term  repeatability 
was  generally  very  good,  but  near  term  repeatability  degraded  with  increasing 
angle  of  attack,  highlighting  the  uncertainty  with  the  pitch  system. 


568 


Concluding  Remarks 


• HSR  high  Re  database  extended  to  22.4e6/mac  at 
supersonic  Mach 

*>  fully  turbulent  flow  not  verified  at  this  Re 
» cooler  Tt  (less  than  100  deg  F)  would  provide  higher  Re 

- T,  of  40  to  50  deg  F would  have  provided  Re/mac  ~28.3e6 
(18e6/ft) 

• CFL3D  with  S-A  turb.  model  predicted  experimental 
data  and  trends  reasonably  well 

» CD  and  CA  predictions  generally  within  1 ct  of  trip  drag 
corrected  test  data 

» CFD  predictions  have  slightly  less  variation  w/  Re  than 
equivalent  flat  plate  theory,  and  mixed  results  as  compared 
to  trip  drag  corrected  test  data 


3)  Free  transition  data  was  acquired  extending  the  HSR  high  Re  database  to 
22.4e6  per  MAC  at  supersonic  conditions.  Improved  model/sting/balance 
design  and/or  selection  in  addition  to  the  use  of  test  total  temperatures  less  than 
100  deg  F would  provide  further  extension  to  higher  Re.  The  maximum  Re/ft 
was  obtained  with  total  pressure  of  80.2  psi,  dynamic  pressure  of  3000  psf,  and 
total  temperature  of  136  deg  F;  if  the  total  temperature  were  reduced  to  40  to 
50  deg  F,  the  corresponding  Re/ft  would  increase  from  14.2e6  to  roughly  18e6 
(28.4e6/MAC). 

4)  The  CFD  predictions  using  CFL3D  with  the  Spalart-Allmaras  turbulence 
model  predicted  experimental  results  reasonably  well,  including  trends  with 
Reynolds  number.  Drag  and  axial  force  predictions  were  generally  within  1 ct 
of  the  trip  drag  corrected  test  data.  The  CFD  predicted  variations  with  Re  were 
slightly  less  than  for  equivalent  flat  plate  theory;  the  trends  compared  to  the 
trip  drag  corrected  test  data  were  mixed. 
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Experimental  Bias  and  Precision  Errors: 
Requirements,  Analysis,  and  Recommendations 


Michael  G.  Novean  and  Todd  E.  Magee 
The  Boeing  Company 
Long  Beach,  California  90807-5309 


Tight  error  bars  on  experimental  data  are  required  in  order  to  meet  HSCT 
performance  requirements.  This  paper  aims  to  deal  with  the  need  for  these 
requirements  and  their  impact  upon  desired  testing  accuracy.  The 
definition  of  some  terminology  sets  the  stage  for  a brief  review  of  how 
some  of  the  accuracy  requirements  were  generated.  Error  analyses  or 
estimates  from  many  of  the  wind  tunnels  used  in  HSR  testing  are  presented. 
The  sensitivity  of  performance  coefficients  to  selected  instrumentation 
accuracies  is  discussed.  Uncertainties  due  to  data  corrections  are 
acknowledged  as  another  source  of  error.  Future  improvements  to  both 
facilities  and  test  processes  are  suggested. 
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Motivation,  Objectives,  and  Approach 
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Terminology 

A jitter  program  is  a relatively  simple  code  for  determining  for  the  calculation  of  total  uncertainty 
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Development  of  Wind-Tunnel  Accuracy  Requirements 

At  the  first  HSR  test  team  workshop  in  May  1997,  Eric  Adamson  of  BCAG  presented  an  excellent 
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(The  above  material  was  presented  by  E.  Adamson  (BCAG)  at  the  First  HSR 
Testing  Workshop,  NASA  Ames,  May  1997.) 


Wind-Tunnel  Accuracy  Recommendations 
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Transonic  Repeatability  of  ±1 .5  counts  or  better 
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The  Procedure  for  Repeatability  Analysis 
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This  Kth  order  polynomial  then  represents  the  mean  of  the  data. 


I 

GO 

I 


.8 


(0 

"5> 

> 

(0  e 

C<0 

< t 

>0> 

u 'O 

= 8 

JQ  St 


ms 

*T 

o 

O) 

c 

> 

o 

"o 

CD 

>4— 

(0 

0) 

c? 

0 

+ 

4— 1 

V 

4— • 

• 

• 

>S 

c 

0 

* 

+ 

cn 

_Q 

■Q 

4— 1 
M— 

X 

0 

o 

C 

■4—' 

c 

+ 

E 

o 

w 

<N 

0 
4— < 

0 

r C* 

0 

0 

T5 

0 

L. 

+ 

0 

D) 

X 

x ^ 

0 

a 

Id 

+ 

4— ' 

E 

o 

c 

II 

M— 

o 

>> 

o 

s 

0 

T3 

Q_ 

<xT 

o 

0 

0 

3 

i 

i 

589 


The  Procedure  for  Repeatability  Analysis 
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The  Procedure  for  Repeatability  Analysis 
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B(a,b)=\  ta~1(l-t)b  xdt  Beta  Function 


Bias  Error  Differences  Result  in  Poor  Tunnel-to-Tunnel  Repeatability 
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atUPWTTSI  and  TS2 

Tests  1671  and  1846,  M_=2.4,  Rec=6.36x106,  Model  2a 


T1 846/RUN  39  (UPWTTS1) 

A T1 671/HUN  27  (UPWT  TS2) 

0.12  ■ © T1 671/RUN  28  (UPWT  TS2) 

. V T1 671/RUN  29  (UPWT  TS2) 
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Tunnel  Precision  Error  Determined  Through  Test-to-Test  Repeatability 
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prediction  intervals  should  be  more  veritable. 


Tunnel  Precision  Error  Determined  Through  Test-to-Test  Repeatability 
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Lack  of  Statistical  Control  Increases  Repeatability  Values 


^ 2 2 v 

3 W « S A 

co  \P 

d ni  <D  <*> 


.52^ 

O <D  H 
~ J3 
J9  s ‘ 

g. S c* 

CL  — t-h 


*1 


CN  ,-s  «*m  o 


X o JL 
^ xj  ^ 
d o vm 

oS  O 


X3  co  im 

^ ta  x 


£ ^ 

“ 4-» 


■9  V 

,if2 


C/D 

f M » pH 

g>  ^ p 4h 
& 2 £ « 
3«.£Pg 

X <L>  4>  G 
« pfi  J=  o 
« r *;  x; 


X . 
H <N 


"§  H 


0*3 
^ X "S 
•P  D 

5 o ,2 

jis 

t2  &0  . 

*>33x3 

^ 's;  a 
a$  «2  «3 

^ g,.2 

£ u| 
g’S’O 
«*‘S  ►» 

co  C *73 


*2  jg 

1 2 

3 « 
S •£ 

S * 

S eg 

*■*  O 
V T5 

® CL 
S^-C 

a £ 

2 w) 

8.g 

co 

<D  c3 

x e 


^ o 

<N  C 


596 


^ 03 

o <S 
t §> 

UJ  J 


0)  § 
0)  £ 


"O 

0 


'co 
■«— > 

c 


■ • 
0 

Q_ 

E 

0 

X 

LU 


597 


Note:  Data  does  not  exhibit  random  behavior;  technically  cannot  perform  repeatability  analysis 


Data  Quality  Assessed  Through  Medium-Term  Repeatability 
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Prediction  and  Confidence  Intervals  are  similar  at  all  3 tunnels 
~1 .0  counts  ~0.2  counts 


Uncertainty  in  Angle-of- Attack 
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calibration  is  such  that  at  -3°,  the  sting  bending  term  contribution  to  the  error  is  double  the  contribution 
due  to  measurement  of  alpha  at  the  pitch  sector.  It  seems  that  more  attention  needs  to  be  paid  to  the  sting 
bending  corrections.  Although  performing  them  well  is  tedious  (and  cuts  into  the  available  test  time),  it  is 
clearly  required. 
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Force  and  Moment  Balances 
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Cavity  Pressure  Corrections 
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Need  to  consistently  apply  a uniform  correction  method 


Flow  Angularity  Corrections 
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Wind  tunnels  which  have  an  axial  pressure  gradient  in  the  test  section  may  require  a buoyancy 
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balance  sized  for  the  aerodynamic  loads  of  the  highest  dynamic  pressure  will  have  large  uncertainties  at  the 
lowest  dynamic  pressure. 
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1.)  Taylor,  B.N.  and  Kuyatt,  C.E.,  Guidelines  for  Evaluating  and  Expressing  the  Uncertainty  of  NIST 
Measurement  Results,  NIST  Technical  Note  1297,  September  1994. 
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longitudinal  trim  to  cruise  point  optimization.  Gordon  Blom  performed  the  inlet  flow  quality  optimization  and 
prepared  the  material  presented  here  on  that  work.  The  work  on  trim  and  trimmed  cruise  optimization  was 
performed  by  Chris  Vegter,  with  Bill  Huffman  providing  the  new  routines  and  Robyn  Wittenberg  providing  the 
training  and  guidance. 
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Aimed  at  the  eventual  customer  ->  airplane  program  PD 
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viscous  effects  are  required  at  the  subsonic  cruise  condition  in  order  to  accurately  predict  the  effects  of  trailing 
edge  flap  deflections. 

The  last  extension  of  the  current  capability  is  an  inlet  flow  quality  optimization  process.  Inlet  flow  quality 
evaluations  of  the  baseline  have  shown  that  the  baseline  flow  does  not  meet  Propulsion’s  guidelines.  Similar 
evaluations  have  shown  that,  in  general,  cruise  point  optimization  does  not  improve  inlet  flow  quality. 
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The  two  milestones  that  were  supported  in  ’97  are  shown  here  also.  The  first,  Cruise  Point  Design  required 
some  additional  effort  to  support  the  official  close-out  of  the  cruise  point  design  task.  This  is  not  the  end  of 
work  on  point  design,  but  rather  an  official  recognition  of  having  obtained  a specific  level  of  progress. 
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Trim  results:  Inbrd  thrust  = -4.1  deg  Tail  incidence  = 3.6  deg 

TCA  CL=.086  Outbrd  thrust  = -5.5  deg  C.G.  = 55.3%  MAC 
Mach=2.4  (Angles  w.r.t.  freestream) 
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sz  4.3.  i. a Aero  uesigrt  optimization  oapaoility 
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NCV  Results  (Nacelles-off) 
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experiment.  Again,  more  information  is  provided  in  the  Mejia  presentation. 


NCV  Results  (Nacelles-on) 
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NCV  lower  surface  with  nacelles  installe 
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TRANAIR  multi-point  system 
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-Comparable  intermediate  states 
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Minimum  requirement  for  evaluation  of  full  multi-point 
process 
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One  of  the  strengths  of  this  proposed  baseline  process  is  that  it  provides  all  the  pieces  needed  for  the  full  multi- 
point process,  including  a simple  multi-point  optimization  to  warm  up  on. 
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Flight  condition  nomenclature  confusion 
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SYN107-MB  AERODYNAMIC  SHAPE  OPTIMIZATION 
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Preliminary  Navier-Stokes  Design  Capability  (SYN107-MB) 
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Preliminary  Navier-Stokes  Design  Capability  (SYN107-MB) 
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SP2,  SGI  0rigin2000,  CRAY  J90  & C90,  HP  architectures) 


Preliminary  Navier-Stokes  Design  Capability  (SYN107-MB),  continued 

The  multiblock  flow  solution  algorithm  is  an  extension  of  the  existing  single-block  Euler  and  Navier-Stokes  algorithms  pioneered  by 
A.  Jameson  and  L.  Martinelli.  As  such  it  retains  many  feature  of  its  heritage.  The  time  stepping  is  done  by  a multistage  Runga-Kutta- 
like  algorithm,  where  in  the  case  of  multiblock  meshes  the  residuals  are  updated  along  the  double  fringe  at  each  stage.  The  spatial 
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- Solution  Algorithm 

* Runge-Kutta  explicit  time-stepping 

* Cell-centered  finite  volume  spacial  discretization 
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• Adjoint  Solver  (ADJ87-MB) 

- Adjoint  Based  on  Euler  Equations 

- Multiblock  Implementation  - Same  as  FLO107-MB 
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Mesh  Motion  (WARP-MB) 

The  multiblock  approach  to  mesh  deformation,  even  in  the  presence  of  Navier-Stokes  meshes,  is  similar  to  that  of  SYN87-MB  (see 
last  year’s  “Development  and  Validation  of  a Multiblock  Adjoint-Based  Design  Method”)  but  it  has  recently  been  enhanced  to 
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• Mesh  Motion  (WARP-MB) 

- Faces,  Edges  and  Corners  of  all  Blocks  Automatically  Moved 

- Independent  (Parallel)  Internal  Block  Perturbations  (WARP3D) 
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• Current  AEROSURF  Capability 

- Arbitrary  Geometry  Inputs  (Wings,  Nacelles,  Fuselage) 

- Wings  Include  Tails,  Canards,  Pylons,  Winglets 
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- NURBS  Control  Points  as  Design  Variables 

- NURBS  Entities  are  Trimmed  to  Form  Parametric  Representation  of 
Intersected  Surfaces 


Long  Term  Goal  (AEROSURF II) 
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AEROSURF  Example 


Parametric  Surface  Patches  Around  TCA-6  Diverters 


Multiblock  Mesh  Motion  Improvements 
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Multiblock  Mesh  Motion  Improvements 


713 


more  active  faces,  via  a weighted  combination.  The  edges  and  comers  of  each  new  design  face  are  then  averaged  with  any 
neighboring  design  face  to  ensure  consistency.  The  averaged  edges  and  comers  are  then  used  to  update  the  interiors  of  the  design 
faces.  The  entire  process  is  then  completed  as  before  by  computing  all  “implicit”  edges  and  faces  (those  touching  active  or  design 
faces)  and  updating  them  via  arc-length-based  techniques.  Finally,  WARP3D  updates  all  block  interiors  as  before. 
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TCA-6  Baseline  Multiblock  Mesh  (Unperturbed) 
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eMultib 


Sample  Perturbation  by  the  Original  WARP-MB  (Interim  Design  with  Axisymmetic  Nacelles,  by  Ray  Hicks) 
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Ray's  Am  symmetric  Design 
Old  WARP-MB 
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Improvements  to  the  Parallel  Performance  and  Communication 
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In  addition  to  the  above,  the  blocks  of  the  baseline  solution  are  distributed  to  the  individual  processors  in  such  a manner  that  the  total 
numbers  of  grid  cells  per  processor  are  as  similar  as  possible.  While  finding  the  optimum  distribution  is  recognized  to  be  an  NP- 
Complete  problem,  a simple  algorithm  is  employed  which  routinely  yields  a load  balancing  close  to  the  optimum.  The  essence  of  this 
algorithm  is  to  take  the  largest  of  the  remaining  blocks  (yet  to  be  distributed)  and  assign  it  to  the  processor  with  the  smallest  current 
load.  Repeating  this  procedure  until  all  blocks  have  been  distributed,  an  effective  load  balance  algorithm  is  obtained. 
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Quantities  at  Every  Stage  of  the  Time-Stepping 
- For  the  Application  of  Design  Variables  and  Mesh  Perturbations  No 

Message  Passing  is  Needed 
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Improvements  to  the  Parallel  Performance  and  Communication,  continued 
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A new  load-balancing  algorithm  has  been  developed  which  includes  the  penalties  associated  with  out-of-processor  communication. 
In  this  setting,  the  load  is  defined  as  the  time  it  takes  each  processor  to  complete  all  of  its  tasks — numerical  processing  as  well  as 
sending  and  receiving  the  necessary  messages.  The  predicted  times  of  each  of  these  tasks  are  derived  using  experimentally  obtained 
MFLOPS  (Millions  of  Floating  Point  Operations  per  Second)  ratings,  and  the  MPI  latency  and  bandwidth  values  associated  with  the 
particular  distributed  platform. 


• Load  Balancing  and  Communication 

- CPU  Time 

* Balance  the  Number  of  Computational  Cells  on  Each  Processor 
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The  new  load-balancing  algorithm  is  very  similar  to  that  of  the  original  method,  but  the  “size”  of  each  block  is  now  initialized 
assuming  that  the  information  of  all  halo  cells  will  be  transferred  to  another  processor.  The  algorithm  then  proceeds  by  taking  the 
largest  of  the  remaining  blocks  (yet  to  be  distributed)  and  temporarily  assigning  it  to  every  processor.  When  assigned  to  each 
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• Original  Scheme 

- Three  Pass  Halos  (Block  Faces,  Edges  and  Corners) 

- Double  Precision  Messages 
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Communication  Improvement  Summary 
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Improvements  to  the  Parallel  Performance  and  Communication,  continued 
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IBM  SP2  Results  in  US  Mode 
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Figure  1: 


Improvements  to  the  Parallel  Performance  and  Communication,  continued 
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HP  Cluster  Switched  100BaseT 
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Figure  2: 


Improvements  to  the  Parallel  Performance  and  Communication,  continued 
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Gradient  Checks  for  Transonic  Flows 
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Gradient  Checks  for  Transonic  Flows 
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Gradient 


Gradient  Accuracy  for  Finite  Difference  Method 

Accuracy  for  Different  Levels  of  Flow  Solver  Convergence:  Step  size  = 0.0001 . 

4.0  orders 6.0  orders 

5 0 orders  7.0  orders 


o 5 10  15  20  25  30 

Variable 
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Gradient 


Gradient  Accuracy  for  Finite  Difference  Method 

Accuracy  for  Different  Stepsizes:  Flow  convergence  7 orders. 


step  size  = 0.001 
step  size  = 0.0001 
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Gradient  Checks  for  Transonic  Flows,  continued 
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Gradient 


Gradient  Accuracy  for  Adjoint  Method 

Accuracy  for  Different  Levels  of  Flow  Solver  Convergence:  Adjoint  convergence  2.5  orders. 


3.0  orders 6.0  orders 

4.0  orders  7.0  orders 

5.0  orders 
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Gradient 


Gradient  Accuracy  for  Adjoint  Method 

Accuracy  for  Different  Levels  of  Adjoint  Solver  Convergence:  Flow  convergence  7.0  orders. 


1.0  orders 2.5  orders 

1.5  orders  3.0  orders 

2.0  orders 
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Gradient  Checks  for  Transonic  Flows,  continued 
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Gradient 


Gradient  Accuracy  Comparisons  Adjoint  vs  Finite-Difference 

Medium  Mesh 


adjoint;  7.0  orders  flow,  3.5  orders  adjoint 
finite-difference;  7.0  orders  flow,  0.0001  step  size 
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Gradient  Checks  for  Transonic  Flows,  continued 
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Gradient 


Gradient  Accuracy  Comparisons  Adjoint  vs  Finite-Difference 

Coarse  Mesh 

adjoint;  6.2  orders  flow,  2.5  orders  adjoint 

finite-difference;  6.2  orders  flow,  0.0001  step  size 

10.0  i — i 
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Gradient 


Gradient  Accuracy  Comparisons  Adjoint  vs  Finite-Difference 

Fine  Mesh 


adjoint;  6.0  orders  flow,  3.5  orders  adjoint 
finite-difference;  6.0  orders  flow,  0.0001  step  size 
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Gradient  Checks  Tor  Supersonic  Flows 
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Gradient 


Gradient  Accuracy  for  Finite  Difference  Method 

Accuracy  for  Different  Levels  of  Flow  Solver  Convergence:  Stepsize  0.0001. 

3.0  orders  6.0  orders 

4.0  orders  6.5  orders 

5.0  orders 
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Gradient  Accuracy  for  Finite  Difference  Method 

Accuracy  for  Different  Stepsizes:  Flow  convergence  6.5  orders 


stepsize  = 0.001 
stepsize  = 0.0005 
stepsize  = 0.0001 
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Gradient 


Gradient  Accuracy  for  Adjoint  Method 

Accuracy  for  Different  Levels  of  Flow  Solver  Convergence:  Adjoint  convergence  3 orders. 


3.0  orders 6.0  orders 

4.0  orders  6.5  orders 

5.0  orders 


761 


This  page  is  intentionally  left  blank. 


762 


Gradient 


Gradient  Accuracy  for  Adjoint  Method 

Accuracy  for  Different  Levels  of  Adjoint  Solver  Convergence:  Flow  convergence  6.5  orders. 


1 .0  orders 

2.0  orders 

3.0  orders 
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Gradient  Checks  for  Supersonic  Flows,  continued 


C/3 

o 

o 


CL. 

2 

8 

■a 

I 

£ 

S 

1 

2 

<L> 

O 

S 


£ 

s 

a 

-4_> 

8 

X)  . 
T3 

5 3 

|8* 

> a> 

■g 

&.» 

<u  3 

> c 

<D  «2 
O 


Cd 

C/3 
-j— ► 

c 

<D 


"2 
Cd  C/3 
Im  rt) 
«W0-O 
T3  3 

o -3 

C/3  C 

5 W) 
cd 

W 2 

.S  i 

o c 
^.2 
« •a 
a>  g 

6 «> 

*-  g 

CB  J3 
*8 
II 

O > 
JB  55 

w t-i 


c!f 
5 1 

1=  5? 


v 

£ 


I 

o 

05 


764 


Gradient 


Gradient  Accuracy  Comparisons  Adjoint  vs  Finite-Difference 

Best  Gradients  from  Each  Method 


adjoint  (6.5  orders  flow,  3.0  orders  adjoint) 
finite-difference  (6.5  orders  flow,  0.0001  stepsize) 
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Navier-Stokes-Based  Constrained  Design  Example 
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Navier-Stokes-Based  Constrained  Design  Example,  continued 
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• Cost  Function 

- Minimize  Configuration  Drag  Keeping  Mach  Number  and  Lift  Fixed 

• Design  Variables 
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Navier-Stokes-Based  Constrained  Design  Example,  continued 
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Transonic  Business  Jet  Configuration 
Iso-Cp  Contours,  Navier-Stokes 
M = 0.82,  C = 0.35 
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Navier-Stokes-Based  Constrained  Design  Example,  continued 


on  on 

d d 
G O 

If 

£ 13 
8 > 

£ ^ 

-O 

fcg  G 

^ cs 
in 


c/3 


© 

(N 


D 


. 3 

os  pq 


C/3 

d 

X 

C/3 

G 

C 


O 

c/3 

» 

on 

O 


_ o 

3 2 

ST'S 

on 


D 

M 

0 

'4-J 

00 

1 

w 

D 
- ^ 
> 
d 

z 

D 

5 


S’ 

a 

o 

o 

£ 

o 

13 

X 

V) 

D 


x 3 

X *3 
£ ~ 

T3  « 
D 
S3 
>> 

13 

G 
d 

G 

' ^ X 
D D 
X)  *Q 


G 

OX) 


03 

X X) 

D i 
on  c/3 
d D 
X)  X • 
i o on 
*-i  X a 

G i C 

w.S 

^ 'ss 

,P  <D  4J 

U-4  25  >— r 

^ 5 X 

C G 

1 o S3 

g#  l 

gvn  o 

Q-i^  o 

£©>  5 

--1  <u  « 
b0j3  2 

■S~-£ 

■Si’s 

a*-* 

SS’g  § 

gs  8 

2 G c/3 

2 G 13 

hSS 


D 


&2 
T3  ^ „ 

O '* 


<u 

X 


on 

on  xJ 
O D 
Cl,  & 

_ g J2 
© d 
O 4>  > 
° X d 
4)  „v  X 
a g 

S 52  2 

on  X X 
8 *>£ 
a*  2 o 
m £ 

X 


G 
■ *-« 
O 


5,  §> 

ex  £ 
c^3 


m 'o  •Sf'S 

9 ii7lc/3  £ 

o "O  U o 

^ -3.3 

2 <u  rt 

'H  85u 

.s'S  S8 

> «>•? 
d a ft 

5 2 *=  JS 
r So 
2 ^ £ 
i 

Lh 
4) 

» 

> 
G 


G 

X 


C/5 

X 

<D 


B.’S  S 

a)  c«  ■S 

£flt! 

<4-. 

° ^X|Z 

M a-3 


X 

* tH 

£ 

H 

* H 

C/3 

D 

t_i 

>>Q 

. 

G 

O 

i— H ■*-* 

l— ( . „ 

G 

D 

S S 

bX) 

on 

D 9^ 

• ^ 

on 

D 

D 

X 

D 

X 

D 

U ta 

X 

<D 

tt 

1 <U 

iX  X 

4— • 


o 
G 

C/3  C3 

G O' 

0 X 
X G 

1 I 


O 

X 


X 


G 

£ 8 

D £ 

* g! 
^ o 

JJ  gp 
+->  • 
on  x5 

2 G 

s a 

X 4> 
G T3 
on  ^ 
D ^ 

*-  13 

c/3  Tj 
D X 

00  &* 

i £ 
o ^ 

■>  c 

Z S 

D ^ 

x 

H J2 


G g 
D b 
> ^ 
D D 

G fj 

.2  on 
X cj 
G _, 

2 D 

x .»— » 

S D 
O X) 


U 


D co 

*f 

I-H  M 

O C/3 

£ G 
60.9 
2 € 
T33 
D U 

g-a 

g g 

S03 

D 

X . 
w X 

1— i D 

D 

^ D 

© S 


772 


Overall  Computational  Statistics 
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Navier-Stokes-Based  Constrained  Design  Example,  continued 
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High  Speed  Aerodynamics , Long  Beach 
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HSR  Airframe  Technical  Review 
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The  AEROSHOP  Toolkit 
(AF.ROdynamic  Shape  Optimization) 

Eric  R.  Unger,  Robert  P.  Narducci,  James  O.  Hager, 
Peter  M.  Hartwich,  Raul  Mendoza,  Geojoe  Kuruvila 

The  Boeing  Company 
Long  Beach,  California  90807-5309 


This  paper  is  an  overview  of  the  capabilities  and  structure  of  BLB’s  new  AEROSHOP 
design  toolkit.  The  development  of  this  code  has  taken  place  over  the  past  year 
leveraging  key  components  of  previous  work  in  Configuration  Aerodynamics  (CA)  at 
Boeing  Long  Beach  (BLB),  and  new  tools  developed  in  the  High-Lift  element. 
AEROSHOP  is  a versatile  tool  that  will  be  used  for  all  of  BLB’s  CA  optimization  work. 
Also  presented  here  is  a sample  cross-section  of  some  of  the  recent  optimization 
experiences  using  AEROSHOP  on  various  problems  from  transonic  flap  optimization  to 
integrated  wing/body/nacelle/diverter/empennage  design.  The  code  is  continuously  being 
enhanced  to  extend  its  capabilities  to  configurations  with  canards,  evaluating  design 
sensitivities  in  a production  mode  using  alternative  methods,  and  fully  exploiting  parallel 
processing. 
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High  Speed  Aerodynamics,  Long  Beach 
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What  is  AEROSHOP? 
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Why  AEROSHOP? 
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AEROSHOP  History 


Jl 

E CO 

O C 
M-  O 

T5  ’■£ 
CO  N 

si 

3 Q. 
TJ  o 

if 

^ CO 

© c 

> TJ 

© O 
OJ  v- 

^ S 

■8  © 
O -Q 
O 05 

CO  £- 
~ 05 
-C  o 

«M  W 

5 I 

> © 
© "F 
£ 2 

0 © 

1 s 


© k" 

E 3 

2 E 


OJ  © 
OJ  £ 

T o 

-Q  c 
0 .b 

LL  TJ 

C © 

TJ  2 
0 o 

§ fr 
3 8 

8 £ 

Cl  £ 

0 © 
X 5 
CO  0 

° E 

cc  8 

LU  ^ 

< O 

C ’-53 

0 © 
J*  5= 

if 

C _© 

0 H— 

E TJ 

Q.  § 

2 §■ 

sf 

-§  © 

C l£ 
© — 
.c  x: 

© CT) 
2 £ 
E © 

© TJ 

C c 
■6* « 
2 q" 

© r? 

© DC 
— o 

1 o 

0 Q- 
-C  CO 


© 

N © 
'F  CL 

E © 
’■5  -c 
Q-  © 

0 >> 
CL  TJ 
© O 

.2  *§> 

C C 

0 § 
C/J  > 

S -2 
£ "8 
5 5 

CO  O 
CD 

O "O 
O CD 

^© 

> 8 

© D) 


CL 

5-= 

Co  w 

I- 

>*  C 
-Q  0 

E g 
© 5 
w Q 

Is 

2& 


2 e 


o 8 

5 ^ 

o.  E 

CD  CD 

fig. 

CO  CO 


CD  . 

T>  “S 
o to 

§ £ 

© | 
c;§ 
.2  c 


c o o © 

5 2 g -8 

2 TJ  ■■§  2 

0 © © E 

1 f.  Q.  © 

£-  O)  t-  c 
o CD  O =3 
£ ~ O -5 

0 ■£  .2  c 
ffi  "2  © “ 

N C r 
= 05  C 

X5  -c  -2 

gsfS 

® ® * m 

O)  a.  S£> 

1 i i i 

§ 2 «£ 

*-  0 d)  x 

© 3 E © 

2 -o  © £ 

iiifi 

i§g>g 

*f  *8 

© ® © 0 
c 0 o x: 
~ = O 3= 

S o 0.0 

eSss 


T5 

C 

i-  05 
CD  r- 

-c  E 

CD  CD 
> CO 
"O  >» 

© o 
o 5=i 
© X 

c CO 

>.0 

o ^ 

P 

TJ  2 
© C 

2 TJ 
O)  © 

2 © 


O) 

_c 

© © 


2 0 

0 iJ2 

C X5 

2 « 
© 2 
0 © 
= © 

~ E 

c © 

© X3 

e 2 : 

2 c 

> .2 

0 CO 

$i 

CL 


CO 

o ^ 

E ® 

S I 

"I 

ij  a5 
CD  = 
_Q  0 
<Z  O 

t 05 

H 

-C  “D 

9 o 

05  _q 


c y- 

05  o 

§ S 

O — 
-Q  >* 


c E 

© © 


0 2 ; 
CO  © 


© 0 I — o 

c © ■ c 

.2  I £ .2 

© © § © 
0 c c c 

c E fc  © 
0 •—  © F 

o)  © e © 

© Q. 
© 2 


TJ  0 
D>  ^ 


£ © £ 


J=  © 


© 2 

E 3 
o o 


s -§■ 

g.  = 

#-» 

CO  CO 


> g. 

g -S 
~ © 
05  Z 
N 

I 

■^=  05 
Q.  05 
O 1- 


w © 
© © 
x:  jz 

r h 

o . 
•*-  c 
5 0 

s to 

© 5 

TJ  D> 

P 

$ o 


© © 
D)  5 

© 5 
£ 

^ © 
L.  +J 

•J3  © 
© >. 
© © 

C °- 

o O 

'•S  1 

N CO 

E O 
2 X 
q.  LL1 
O < 


o c 

•X=  © 

8 | 

3% 

© 0 
> > 

"B  -S 

-Q  C 
O CD 

^ o 
5 o 

CO  c 


786 


empennage  configurations,  adjoint-based  sensitivity  calculations,  and  more  complete  parallel 
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W/B/N/D  Geometry/Grid  Generation 
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Volume  grid 


Wing/Body  Surface  Grid  Generation 
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Wing/Body  Surface  Grid  Generation 

High  Speed  Aerodynamics,  Long  Beach 
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Portion  of  wing  ‘added’ 
to  fuselage 


W/B/N/D  Volume  Grid  Generation 
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quality  using  1 min  of  C90 
CPU  time 


W/B/N/D  Volume  Grid  Generation  (cont.) 
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Future  of  much  of  BLB  optimization  work 


Parallel  Finite-Difference  Process 
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Parallel  Finite-Difference  Process 

d bbbebbb=e=  High  Speed  Aerodynamics,  Long  Beach 
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Return  to  sensitivity  routine 


Flow  Solver  and  Optimization 


0 

ID 


w <D 
>*  0 

c •? 

0 

.2  c . 

5=  <1> 

CD  O 
CD  . 
C S- 

™ CO 
° CO 

o ■*=  . 

Sf 

O Q 

w CO 
. -J 
0 LL 

i°’ 

CO  § 

CT  <0 

® O ' 
CO  > 

CD  — ■ 
CD 

■2  "c5  • 
CO  2 ■ 

© S-: 

Z CO 

I_  "O 

CD  'C 

> o>  - 
cO  -*-> 
T CD 

.E  52  ■ 

'z  S < 

o © ; 

> .0  C « 

=3  10  ; 
m "o 
0 

0 jc 

-2  2 1 
i_  CO  j 
CD  Q.  3 

2 -*  1 
© 8 : 
M- 

8 I -i 


8 » 

§ § 

« £ 

-C  CO 

■O  ®- 

q.2 

2 5 

> E 
o o 
■O  o 


Cl)  0 
-O  .E 

§ 2 

to  £ 

g o 
E o 

0 >»; 

i—  a 
10  ■ 
c co 

CD  ” 
CO  0 
0 T3 

Q-  8 

0 w 

O H 
x , 
co  g : 
o g 
oc  £ 

g Q-. 

< o 

.E  -I 

CO  O 

0 CO 
3 CL 

2 2 
Il- 
l's 

0 C 
N O 

E 2 ■ 

•4=  0 
Q.  > 

° 0 . 
C .CO 

Er 

0 O 
£=  xi  ■ 

■o  5 

It 

0 O 
co  Q 

2 2 ' 

0 » . 

iE  TJ 
^ 0 : 
co 

3 


T3 

C 

CO  = 

0 2 

E>  g 

0 o 


|i= 

S Q_ 

g o 

2 Q 


3 ^ 
■O 

0 0 


806 


■c 

o 

«3 

O 

£Q 


CO 

0 


CO 

CO 

05 

c5  0 

.9  O 

E ® 


05 


0 


CD  c 
05  0 

G 0 
CO  3 
—I  LU 
UL 

O 1 


0 

;g 

'l. 

05 

•*—> 

0 

0 

i- 

0 

> 

O 

T3 

c 

0 

T3 

£ 0 
O o 

to 

Q_  J3 
O 


o 

o 

jd 


0 


D 

CO 

I 

LL 

O 

I 

■O 

0 

c 

'2 

05 

0 

2 

0 

o 

o 


-Q 

0 

CL 

0 

O 


c 

0 

'o 

5= 

LU 


^ 0 


0 


_ o 


0 


Q 


c 

o 

c 

■O 

c 

0 

V. 

0 

0 

c 


c:  O 
O co 

05  z 
■F  o 

.i  c 

Q-  ■£ 
0 
O 


E = 


05 

*0 

0 

■o 

"O 

0 

c 

2 

«) 

0 -h5 

c c 

8 ® 

> 0 


"O 

0 

1 .2 

E 05 

C N 

- ■-  F 

5>  .E 


H—  -*— < CO 


=3  O 
U-  O 


I I 


Ql 
05  O 

= 5 

1 Q 


807 


Fully  constrained  design 
Usable/feasible  method 


Transonic  Flap  Optimization 
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Transonic  Flap  Optimization 
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Mach  Number 


Integrated  W/B/N/D  Optimization 
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Integrated  Wing/Body/Nacelle/Diverter  Optimization 

High  Speed  Aerodynamics,  Long  Beach 
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Convergence  Histories  for  Integrated 
W/B/N/D  Optimization 
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Convergence  History  for  Integrated  TCA 
Wing/Body/Nacelle/Diverter  Optimization 
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Iteration  constraints  are  satisfied  at  values  of  0.0 


Drag  Polars  for  the  TCA  Baseline  and 
Optimized  W/B/N/D  Configurations 
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W/B/N/D  Optimization 
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TCA  Wing  Dihedral/Anhedral  Optimization 
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W/B/N/D  with  9 dihedral/anhedral  DVs 


TCA  Cycle  2 Wing  Dihedral/Anhedral  Study 
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Integrated  W/B/N/D/E  Optimization 
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Integrated  W/B/N/D/E  Optimization 

High  Speed  Aerodynamics , Long  Beach 
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Effect  of  Tail  Incidence  at  Constant  C 
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Forces  on  the  BLB  Cycle  2 
W/B/N/D/E  Configuration 
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S&C  CFD  Predictions 


TCA6  Optimization  Studies 
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not  been  fixed  so  the  results  shown  will  be  approximately  one  month  old.  However,  the  data  comparisons  for  the 
two  inlet  types  presented  is  considered  to  be  valid  and  is  probably  an  indication  of  the  final  outcome  of  the  study. 
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Inboard  and  Outboard  Flap/Slat  Optimization 


cs  SS  Min  c 2 
00  ^ c o o g 

CS  3 o 

> o S3  3 Ui 

go  -S  ^ « So  g 
g C <0  T3  oS  — 1 

& ■ S JS  §22 


•g  tJ  £03 

^ Q S in 

-d  H,  w 


<D  wh  2£ 

8-8=3 


</2 

fl5 

'a* 


<D  O 
OD 

d wi 


no  g 
a)  -3 


o > 
<u  *Z3 

ja  u 

w O 


o 2 
>^x:  <B 
^ H c 

P a> 

M c w> 

<£  .2  T3 
I . rt  'C 


| *8  J%  .SP  M § T3 
■g  a)  p «.y«  2o 


nr1  <u 

^fl.S  « 

” c > 

8 •§  a>.S 
•S  § s .8 

C ta.W5 


o#; 
3 in  , 

e ~ 


a>  a) 
53  V. 


a o 4h 


._  a"  F2  « W) 
^ s * 3?  -p 


o ^ 


<D 

c o 

<D 

CO  ^ 

£ 

■§  11 

C/2 

o a 

CD 

o 

■1—^ 

o n3 
*G  d 

co  O '«  J5 

S3-SSH 


w O' 

<d  a)  o 

<3  £ 00 
W — 


o C S3  2 

5 ^ c is  > 

t5  o ° v 

o 2 75 

bD  S !ri  *-»  o 

a>  ^ <£2  ,S 

£P  4>  ® -n  T3 


■ pd  ej  >v 

Ml  co  45  T3 
GO)  f 
•§  T3  0)  O 

^ 4)  c3  SO 


a ^ c 

s®  £ 


sv  o 

0)  X3  — i 

*— I Lh  O 

t*1  <u 

H c/s  G 
cd  o O 
O ^3  oo 


r s 03  S O 

I .g  s > .s  .s 


“ '*-> 
c«  C ^ 

0>  o a 

£ CO  c 

O P o 


842 
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TCA6  Baseline  - L/D 
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Slat  Optimization  TCA  Baseline 

M = 0.90,  a = 4.0  deg. 
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Slat  Optimization  TCA  Baseline 

M = 0.90,  a = 4.0  deg. 
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TCA6  Baseline  - 20%  inboard  Slat 
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TCA6  Baseline  - 20%  Outboard  Flap 
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Flap  - Slat  Optimization  TCA  Baseline 

M = 0.90,  a = 4.0  deg. 
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Slat  Optimization  - Ames  Optimized  (970103) 

M = 0.90,  a = 4.0  deg. 
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Flap  - Slat  Optimization  - Ames  Optimized  (970103) 

M = 0.90,  a = 4.0  deg. 
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Slat  Optimization  - Ames  optimized  (970103) 

M = 0.90,  a = 4.0  deg. 
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Ames  Optimized  Configuration  (970103)  - 15%  inboard  slat 
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Flap  - Slat  Optimization  - Ames  Optimized  (970103) 

M = 0.90,  a = 4.0  deg. 
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Ames  Optimized  Configuration  (970103)  - 20%  outboard  flap 
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Slat  Optimization  - Ames  Optimized  (970103) 

M = 0.90,  a - 4.0  deg. 
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Ames  Optimized  Configuration  (970103)  - 15%  outboard  slat 
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Slat  Optimization  - Ames  Optimized  (970103) 

M = 0.90,  a = 4.0  deg. 
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Iteration  No. 


TCA  Baseline  Flap/Slat  Optimization  Summary 
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TCA  Baseline  Wing-Body 
Flap/Slat  Optimization  Summary 
M = 0.90  a = 4.0  deg. 
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Ames  970103  Flap/Slat  Optimization  Summary 
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Ames  Optimized  Wing-Body  (970103) 
Flap/Slat  Optimization  Summary 
M = 0.90,  a = 4.0  deg. 
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20-15  18.87  .163  .0086  -0.63  2.60  1.74  9.40 


TCA  Baseline  with  Approximate  Wind  Tunnel  Model  Geometry 
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Flap/Slat  Optimization 
Approximate  Wind  Tunnel  Model  Geometry 
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CFD  flap/slat  deflections  using  shear 


Approximate  Wind  Tunnel  Model  Geometry  - L/D 
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Slat  Optimization  - TCA  Baseline 

= 0.90,  a = 4.0  deg.,  Adjoint 
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Slat  Optimization  - TCA  Baseline 

= 0.90,  a = 4.0  deg.,  Adjoint 


881 


Iteration  No 


Approximate  Wind  Tunnel  Model  Geometry  - 


a>  p -d  c c 

S|§.2o 

M . a s TT 

cd  e?*0  2 

£ C2  P *S 

r*  r/>  V— ( rri 


S £ 


us  .a 

.s  .s  ~ 

o d 

<D  CS  O 


ON  & 


in  ca 

is=  a 

c « w 

3 S 2 


S >>  1 1 c 

,2  « 2 o 3 

£ i g > <a 

5B  I ’©  £ ts 

8 -a  £P  0.43 

8 2 2 c f 

oo  9-"0  ^ 2 

fi  9 

-3  <u  -S  ™.Z 
o £ 3 a ca 
£ 5 -fi  ^ *s 

r-1  > +3  v-( 


882 


Slat  Optimization  - TCA  Baseline 

= 0.90,  a = 4.0  deg.,  Adjoint 
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Approximate  Wind  Tunnel  Model  Geometry  - Outboard  Flap 
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Slat  Optimization  - TCA  Baseline 

= 0.90,  a = 4.0  deg.,  Adjoint 
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Approximate  Wind  Tunnel  Model  Geometry  - Outboard  Slat 
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Flap  - Slat  Optimization  - TCA  Baseline 

M = 0.90,  a = 4.0  deg.,  Adjoint 
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.TCA  Baseline  with  Improved  Wind  Tunnel  Model  Geometry 
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TCA  Baseline  Outboard  Flap/Slat  Optimization 
With  Improved  Geometry  Modeling 
M = 0.90 
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Improved  Wind  Tunnel  Model  Geometry  - L/D 
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Slat  Optimization  - TCA  Baseline  w/outboard  flap/slat 

M = 0.90,  a = 4.0  deg. 
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Slat  Optimization  - TCA  Baseline  w/outboard  flap/slat 

M = 0.90,  a = 4.0  deg. 
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Slat  Optimization  - TCA  Baseline  w/outboard  flap/slat 

M = 0.90,  a = 4.0  deg. 
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Improved  Wind  Tunnel  Model  Geometry  - Outboard  Flap 
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Flap  - Slat  Optimization  - TCA  Baseline  w/outboard  flap/slat 

M = 0.90,  a = 4.0  deg. 
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Improved  Wind  Tunnel  Model  Geometry  - Outboard  Slat 
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TCA  Baseline  Wind  Tunnel  Drag  Polars 
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TCA  Baseline  - Test  484  - Langley  16  ft. 

M = 0.90,  Flap  - Slat  Study  - wing/body 
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Experiment  - CFD  Correlation  No  Deflections  - Lift  curve 
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TCA  Baseline  Wing/Body  Experiment-CFD  Correlation 

SYN87-SB,  M = 0.90,  Improved  Grid 
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TCA  Baseline  Wing/Body  Experiment-CFD  Correlation 

SYN87-SB,  M = 0.90,  Improved  Grid 


Experiment  - CFD  Correlation  - Lift  Curves  - Expanded  Scale 
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TCA  Baseline  Wing/Body  Experiment-CFD  Correlation 

SYN87-SB  - M = 0.90 


Experiment  - CFD  Correlation  - Drag  Polars  - 0/0,  3/8 
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TCA  Baseline  Wing/Body  Experiment-CFD  Correlation 

SYN87-SB,  M = 0.90 
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Experiment  - CFD  Correlation  - Drag  Polars  - 0/0,  6/8 
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TCA  Baseline  Wing/Body  Experiment-CFD  Correlation 

SYN87-SB,  M = 0.90 
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TCA6  Wing  Optimization  with  Axisymmetric  and  Bifurcated  Inlets 
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TCA6  Optimization  - Axisymmetric  Inlets 

SYN107-MB,  M = 2.40,  a = 3.75  deg. 
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M = 2.40,  a = 3.75  deg.,  23  Optimization  Iterations 
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